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APPLIED TECHNOLOGY LABORATORY POSITION STATEMENT

This report presents the results of an investigation to design, fabricate, and test a landing
gear made of composite materials. The main strut for the YAH-64 helicopter was used
as the baseline for the design of the composite component. The primary objectives
that were satisfied during the course of this effort were as follows: (a) Establishment
of the design criteria for a high-energy-absorbing landing gear. (b) Selection of an
advanced structural material and design techniques to satisfy the structural and
functional reqi~’irements for the landing gear. (c) Design, fabrication, and laboratory
testing of a wheel-type composite helicopter landing gear. (d) Evaluation of the test
results to assure conformance with the design criteria.

This effort further revealed that the application of the wet filament winding (WFW )
process in the fabrication of the gear produced a more cost-effective gear than the
current steel baseline gear. In summary, it has been shown that a graphite composite
landing gear can be successfully designed and fabricated to withstand the design
criteria loads developed for a high-energy-absorbing landing gear.

William T. Alexander , Jr., Structures Technical Area, Technology Applications Division,
served as project engineer for this effort.

On 1 September 1977, after this report had been prepared , the name of this organization
was changed from Eustis Directorate, U.S. Army Air Mobility Research and Development
Laboratory to Applied Technology Laboratory, U.S. Army Research and Technology
Laboratories (AVRADCOM ).

DISCLAIMERS

The findings in this repor t are not to be construed as an official Department of the Army position unless so
designated by other authorized documents.

When Government drawings, specificati ons, or other data are used for any purpose other than in connection
with a definitely related Government procurement operation, the United States Government thereby incurs no
responsibility nor any obligation whatsoever; and the fact that the Government may have formulated , furnished.
or in any way supplied the said drawings, specifications , or other data is not to be regarded by implicatiOn or
otherwise as in any manner licensing the holder or any other person or corporation. or conveying any rights or
permission, to manufacture , use , or sell any patented invention that may in any way be related thereto.

Trade names cited in this report do not constitute an off icial endorsement or approval of the use of such
commercial hauiware or software.

DISPOSITION INSTRUCt IONS

Destroy this report when no longer needed. Do not return it to the originator.
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This report covers the work performed on the advanced helicopte r landing
gear program by Hughes Helicopters. The objectives of the program were
to design , fabricate , and test a wheel-type advanced main landing gear
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-> in the 15, 000-pound claes. These objectives were achieved by formulating
design criteria through a data search , choosing the most cost-effective
composite material, and through a desi gn analysis , selecting the most
promising landing gear concept. This concept used graphite epoxy as a
structural material to fabricate the trailing arm of the main landing gear
of the Hughes YAH-64 helicopter by wet-filament winding (WFW) . The
graphite arm was successfu lly tested , demonstrating the practicality of
employing composite structures in the construction of high-energy-
attenuating landing gear components . The program showed that the graphite
trailing arm was 11 percent lighter than the baseline steel arm. The wei ghs
of the baseline landing gear could be reduced by maximizing the use of
composites: 7 percent by using existing WFW equipment , and 26 percent by
developing and using a toroici winding machine.
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SUMMARY

This report descr ibes  the work done to evaluate the applicability of composite
materials  in the design and fabr icat ion of a wheel- type high-energy-absorbing
helicopt - landing gear.  The following p r imary  objectives were met:

a. Establishment of the design cr i te r ia  for a hi gh-energy-absorb ing
landing gear .

b . Selection of advanced s t ructura l  mater ia l  and desi gn techniques to
satisf y the s t ruc tura l  and functional requi rements  for this gear .

c . Design , fabr icat ion , and laboratory testing of a wheel-type helicop-
ter  landing gear .

d . Eva luation of the test resul ts  to a s su re  conformance with the design
cr i te r ia .

An evaluation of indus t ry-es tab l i shed  composite s t ruc tura l  f ibe r s  applicable
to landing gear desi gn concluded that Thornel 300 graphite fibe r was the most
cost effective . This was based on indus t ry -p ro jec ted  graphite material cost
reduct ions . It was also concluded , using wet-f i lament-winding (WFW) cost
experience gained f rom other projec ts  such as tail boom and main rotor
blade fabricat ion,  that a graphite gear would be more cost effect ive than the
presen t  steel baseline gear . The capabilitie s of a graphite gear we.~.e demon-
strated using the t ra i l ing a rm of the most cost-effective configuration that
could be fabricated using available WFW equipment. The arm successfully
withstood the high dynamic and static loads associated with reserve energy
drops and crash forces required by the advanced design criteria. Subsequent
evaluation, based on a 33-percent ultimate static load margin, showed that a
graphite trailing arm would weigh 11 percent less than the baseline metal
arm.

In summation, it was shown that a graphite composite landing gear can be
successfully designed and fabricated to withstand the loads associated with
the design criteria developed for a h igh-energy-absorb ing  landing gear. The
final landing gear , consisting of a composite trail ing arm , shock strut,  cross
tube , and wheel was 7 percent  lighter than the baseline metal gear and proved
to be cost effective .
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PREFACE

The Advanced Technology Helicopte r Landing Gear Program was carried out
unde r Contract DAAJO2-75-C-0028 issued by the Eustis Directorate, U. S.
Army Air Mobility Research and Development Laboratory (USAAMRDL),
Fort Eustis,  Virg inia. Mr.  William T. Alexander , Technology Applications
Division, USAAMRDL, had technical cognizance over the program.

The author acknowledges the contributions made by Mr.  Herber t  T. Lund ,
Program Manager , and Mr. Robert A. Wagner, R&D Manager , both from
Hughes Helicopters, and Mr. William T. Alexander of the Eustis Directorate.
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INTRODUCTION

The demand for improving helicopte r payload fract ion has been satisfied in
recent years  by us ing advanced composite materials to rep lace metal in a
variety of str uctural applications. Generally this has brought about a weight
savings of 10 to 25 percent. The Eustis Directorate realized that the heli-
copte r landing gear gene rally represented 3 to 5 perc ent of gross wei ght , and
that the possible weight saved by a composite gea r was significant and worthy
of investigation . Consequently, a contract was awarded to Hughes Helicopte rs
to evaluate the use of advanced composite materials as applied to a hi gh-
energy-absorbing helicopter landing gear.

A review of past design practices clearly showed the need to improve the
crashworthiness of the helicopter. This can be accomplished by increasing
ground contact velocities and energy absorption capabilities of the landing
gear . The baseline helicopter airframe (YAH-64), including blades, was
shown by analys is and test to be flightworthy afte r high ground contact veloc-
ities , such as 31 feet per second , with no weight penalty. These improve-
ments wil l  pay off by reducing costs , injurie s , and fatalities .

— Hughes Helicopters, as prime contractor , was responsible for the design
and program adm inistration . Two subcontractors were used. Fiber Science,
Inc., Gardena, California, was selected fo r thei r experti se in WFW tech-
nique s , and Menasco, Inc. , Burbank, California, was chosen for their
extensive landing gear testing capabilities. The advanced technology heli-
copter landing gear program was divided into two phases over a 2-year
pe riod . Each phase was divided into tasks for orde rly administration and
reporting. Figu re 1 shows the prog ram plan. During Phase 1, as a res ult
of a data search , advanced design criteria were formulated. Three compos-
ite materials were evaluated; graphite epoxy, the most cost effe ctive , was
selected as the material to fabricate the advanced landing gear.

The program continued by selecting the gear of the YAH-64, the Hughes
Helicopters advanced attack helicopter , as baseline. The gear shown in
Figure 2 was selected for fabrication and testing after a design analys is and
a comparison with two other promising concepts.

The final gear configuration developed under this program differs from the
• baseline in that the shock strut is longer and attaches lower on the trailing

arm . Also , graphite epoxy composite was used for the structural mate rial
rath er than steel. During Phase 2 one trailing arm was fabricated using
WFW techniques. It was dynamically tested at limit and reserve energy loads
and statically tested to failure. The trailing arm successfully withstood the
design loads, failing statically at 2 .1 times limit load.
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Figure 2. Advanced Composite Gear .
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DATA SEARCH

Data f rom all pract ical  sources  relevant to hel icopte r landing gear expe r i ence
was surveyed.  The informat ion gained per ta in ing  to f a i l u r es , desi gn , and
energy-absorbing methods was used to formulate advanced landing gear cri-
te ria . Approximately 130 repor t s  and speci f ica t ions  were  reviewed , cove r ing
1960 throug h 1976. During this  p8riod , g rea t  s t r ides  were made in the aware-
ness  and def ini t ion of c rash  survival  techniques . Many repor t s  outl ined those
t ra i t s  that a helicopte r and its landing gear  should have for  improved crash-
worthiness .  This repor t  will cite the most representa t ive  publicat ions.  The
remainder  are listed in the Bibl iography.

REPORTS

The following six reports, with accompanying comments, give excellent cri-
te ria for a helicopter landing gear .

1. CH-2lA Helicopter Airframe Deformation Under a Dynamic Crash
Condition (Reference 1)

• Helicopter landing gears should be designed to abs orb large
amounts of crash energy at moderate acceleration levels over
a long stroke .

• The landing gear should be designed so as not to penet rate
occup iable areas of the fuselage.

2. Principles for Improving Structural Crashworthiness for STOL and
CTOL Ai rc ra f t  (Reference  2)

• All new airc raft designs should be monitored f rom the earl i est
design stages in order to ensure that the principles of crash-
worthiness are adh ered to.

‘EXPERIMENTAL RESEARCH, CH-Zl HELICOPTER AIRFRAME DEFORMA-
TION UNDER A DYNAMIC CRASH CONDITION , Aviation Safety Eng ineering
and Research;  TRECOM Technical Report  63-77 , U.S. A rmy Transportation
Research Command, Fort  Eus t i s ,  Virginia , January  1 964 .

2
Avery ,  James P . ,  and Reed , William H . ,  PRINCIPLES FOR IMPROVING
STRUCTURAL CRASHWORTHINESS FOR STOL AND CTOL AIRCRAFT ,
Aviation Safety Eng ineering and Research ; USAAVLABS Technical  Repor t
66-39 , U. S. Army Aviation Materiel  Laborator ies, Fort Eus t i s ,  Virg inia ,
June 1966 , AD 637133 .

18



3. Analysis of Helicopte r Structural Crashworthiness (Reference 3)

• The floor accelerat ions fo r  an a i r c r a f t  similar to the TJ H - 1D/ H
may be reduced 65 percent  b y the use of ene rgy -abso rb ing  tech-
niques in the landing gear sys tem and in the belly of the fuselage .

4. Crash Survival Design -Guide (Reference 4)

• The design of a landing gear for improving crashworthiness
presents two definite problems. First, the landing gea r mus t
protect the fuselage against contact with the impact su rface to
as great an extent as possible . This requires that the landing
gear possess certain strength characteristics and energy-
absorb ing capabilitie s. The second problem ar ises  once the
strength of the landing gear and its energy-absorbing capabili-
t ies are exceeded . The designer must then attempt to ensure
that the landing gear failure does not give ri se to occupa nt
injury or postcrash hazards .

5. Crashworthy Landing Gear Study (Reference 5)
/

• The landing gear shoul d be cons idered  as onl y one portion of a
total impact protect ion system.

3
Drummond,  John K . ,  Gatlin , C l i f ford  I . ,  Goebel , Donald E . ,  and Larsen ,
Stuart E . ,  ANALYSIS OF HELICOPTER STR UCTURA L CRASH WORTHINESS,
VOL UMES I-LI , Dynamic Science; USAAVLABS Technical Repor ts  70 -7 1A
and 7 0-7 l B , U . S. Army Air  Mobility Resea r ch  and Development Labora tory ,
Fort Eustis , Virginia, January 1971 , AD 880680/880678 .

4
Turnbow , J. W,, et al , CRASH SURVIVAL DESIGN GUIDE , Dynamic Science;
U SAAMRDL Technical Report  7 1 - 2 2 , U . S. Army Air Mobil i ty R e s e a r c h  and
Development Laboratory,  Fort  Eust is , Vi rg inia , October 1971 , AD 733358 .

~Carr , R ichard  W . ,  Phillips ,  Norman S. ,  and Scranton , Richard  S. ,  CRASH -
WORTHY LANDING GEAR STUDY , Beta Industries , Inc . ;  USAAMRDL
Technical  Repo rt 72-61 , (3. 5. Army Air Mobility Research and Develop-
rn ent  Labora to ry , Fort  Eust is , Virg inia , A pri l  1973 , AD 765489.

19

__________________ ________ - - - 
- 

~~~~~~~---—----—~~~~~~~~~~~~~~~ - -~~~~—-~~~~~~~~~~--~~~~~~ -~~~~---— ~~~-



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _

6. Crash Testing of a CH-47C Helicopte r ( R e f e r e n c e  6)

• The landing gear should be designed to abso rb crash ene rgy by
stroking ove r the available dis tance at a l imit load no g rea t e r
than the critical collapse load for  the airframe . The velocity
sensi t iv i ty  of the s tr oking load should be minimized to avoid the
landing gear  becoming a r i g id link du r ing  hi gh velocity s ink
rates . Failure of the gear  should not resu l t  in penetrat ion of
occup ied a reas  j r  of flammable fluid containers .

IMPROVED CRASH SAFETY

The awareness  of the ne~~d for  improving crash  safety was marked by six
events. The Hug hes OH-6A , f rom its inception in 1960. incorpora ted
30-fee t -per -second contact  velocity in its design as its c rashwor th iness
cr i ter ia . It had a relatively hi gh ene rgy-abso rb ing  gear and a crushable
s t ruc ture , which provided large  amounts of c rash  energy  attenuation . The
crash per formance  of the OH-6A in se rv ice  proved its desi gn to be a s tep
f o r w a r d . In the early 1960~s, Aviation Safet y Engineer ing  and Research
dynamically crashed a C H- Z l  helicopte r (see R e f e r e n c e  1) . This test  showed
that for increased c rash  safety the hel icopter  landing gear should have
improved ene rgy  attenuation capabil i ty,  and that gear a r rangements  should

— prec lude  the poss ibi l i ty of fuse lage  penetrat ion dur ing a c rash . This program
emphasized the neces s i t y  to change past design prac t ices . The improvement
in the ene rgy -abso rb ing  capability of the hel icopter  landing gear was exen-x-
plified by a honeycomb shock absorber  (Re fe rence  7) added to a Sikorsky S61L .
The absorber  was installed in line with the exist ing main landing gear a i r -o i l
shock absorber , and increased the l imit  drop velocity by 237 percent .

t)
Sing ley George T . III, FULL SCALE CRASH TESTING OF A C H-4 7 C
HELICOPTER , Paper  p resen ted  to the 32nd National V/STO L Forum of the
A m e r i c a n  Helicopte r Society,  Wash ing ton , D . C . ,  Max ’ 1976 .

‘ Rich , M. J . ,  AN ENERGY ABSORPTION SAFETY ALIGHTING GEAR FOR
HELICOPTER AND VTOL AIRCRAFT, S ikorsky A i r c r a f t ; LAS (AIAA)  62- 16 ,
Amer ican  Inst i tute  of A e r o n a u t i c s  and A s t r o n a u t i c s , N cw Y o r k , New York ,
January  1962 ,
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In 1971 the Eus t i s  Direc tora te, USAAMRDL, released the Crash Survival
Desi gn Guide (Refe rence  4). This report collects the known and pe r t i nen t
informat ion needed to improve the c r a shwor th ine s s  of helicopter desi gn .
MIL-STD-1290 (Re fe r ence  8), cover ing  c r a s h w o r t h i n e s s, was w r i t t e n  and
released in January 1974 . This docwnent establ ishes  improved crashworth-
iness desi gn c r i t e r i a  for mi l i ta ry  hel icopters, Recently, two Army heli-
copters , the UTTAS and the AAH* were desi gned using the latest  specifica-
tions and pr inc i p les of c r a shwor th iness. These new he l icopters  promise
grea t  improvements in personnel  crash survival  and the lowering of heli-
copte r accident repair  costs . The compar ison in Table 1 shows a helicopte r
desi gned for c rashwor th iness  in 1960 (tne OI-I-6A) versus  one desi gned to the
latest 1974 speci f ica t ions  (the YAH-64) .  The t rend has been to increase
ground contact velocit ies  and to at tenuate more  e ner g y  dur ing gear  s t rok ing.

TABLE 1. CRASHWORTHINESS COMPARISON

Velocit y, Deflect ion ,
feet  per second - i nches  Percent  of

Energy
Fuselag e SI~ock Attenuated
Contact  Crash Abso rbe r  Structure by Gear

OH-6A 12 30 33 15

YAH -64  31 42 45 ‘ 11 57

8
Mili tary Standard - 1290 (AV),  LIGHT FIXED- AND RO TARY-WING
AIRCRAFT CRASHWORTHINESS, Department of Defense,  Washington ,
D .C . ,  25 January 1974 .

*tj tility Tactical Transport  System — Product ion  Contract  for  YUH-60A
Helicopter Awarded Sikorsky A i r c r a f t  Co . in December 1977; Advanced
At tack  Helicopter — Development Contract  for  YAH-64  Aw~~rded Hug hes
Helicopters  in December 1976.
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MILITARY SPECIFICA TIONS

Modern landing gear design for mi l i ta ry  helicopters has been controlled byapp roximately 32 M ilitary Specifications. Specifications MIL -S-8698 andMIL-SrD-l290 have had major effect on gear design and were reviewed indetail .

MIL-S-8698 (Reference 9) covers the static and dynamic structural designcri teria for  hel icopters .  it def ines  the minimum load requirements  forfli ght , takeoff and landing. For the landing gear , it specif ies  limit and ‘reserve energy drop hei ghts , obst ruction loads , unsymmetri~~~l landings ,and taxiing and ground handling loads .

MIL-STD_ 1290 (Reference  8) establ ishes  minimum crashworthiness designcr i ter ia  for  light fixed-wing and rotary-wing ai r c ra f t . It controls geardesign by specif ying the angular  alignment and maximum velocity at whichthe fuselage may ju s t  contact the landing surface and still remain fli gh t -worth y, This specification also r equi res  that a collapsed gear will not rup-ture  flammable fluid containers , nor  increase  the danger to occupants . Afur ther  overall requirement , where the landing gear will play a dominantrole , is attenuation of a c rash  contact velocity of 42 feet  per second .
EVALUATIO N OF MIL-S’rD-l29o REQUIREMENTS

The requirements  of MIL-STD -l290 were evaluated by determining a fuselageground contact velocity for a number of existing helicopters . This wasaccomp lished by assuming that the landing gear in each case could be alteredto allow the shock strut  to stroke through the total distance between thebottom of the extended gea r and the fuselage . It was fu r t h er  a ssumed thatthe main rotor would provide l g of lift and that the gear would have a reserveene rgy load factor of 3g. The resulting velocities were plotted and are pre-sented in Figure 3.

Vc (N Z fl GSG 64 . 4 ) 1/ 2

= (173.88 SG)

9
Military Specification MIL-S-8698(ASG), STRUC TURAL DESIGN REQUIRE-MENTS, HELICOpTERS, Department of Defense , Washington, D. C.,1 July 1954, with Amendment 1 , 28 February 1958.

22 

—i- -~~~ -



60 — — r
- 

MIL-STD-1290 CRASH (42 FT/SEC)

40 - — ~~~ — —  ~4__ t_ _
~ 

U VAH 64
30 — —  _ _ _ _ _ _ _ _ _  _ _

Z 1 20 
300 C S55 

‘

~~~~~~ 

—

- _ _ _ *  
~~~~~~~ 

B0105 
~ UHID MIL•STD-1 290

OH6A 0H58 NO FUSELAGE CONTACT
W O - -

LIMIT DROP
~~> 10

•. 
— —  _ _ _ _  _ _ _ _  __ — —

~~ 8
U-

6 _________ I I J_. J .. _________ I I I J_ ..J...

1000 2 3 4 6 10,000 2 4 6 8 10

GROSS WEIGHT — LB

Figure  3 . Inherent Land ing Gear Capability.

wi er e

N
z 

= 3g Load Factor S
G 

= Gear Stroke , ft

= 0.9 Eff ic iency V~~ = Fuselage Contact Velocity,
ft / sec

The figure shows that as helicopters increase in gross weight they can atten-
uate greate r vertical  landing contact velocities.  This is due to an inherent
tra it that as helicopte r size inc reases the fuselage/g round clea rance increa ses .
It also shows that many helicopters of over 7500 pounds gross weight can
meet or exceed the 20- foot -per-secon d fuselage contact velocity requi rement
of MIL-STD-1290 by simply stroking the landing gear through all of the avail-
able fuse l age /g round  clearance.  Helicopters with g ross  weights below 7500
pounds would suffer a weight increase by requ iring larger landing load fac-

• tors or by increasing clearances for more gear stroking, It can be concluded
that MIL-STD-1290 requirements ~ould result in relatively less cost and
weight penalties for the la rger helicopte r, it can also be concluded that in
orc.er to use the inherent helicopter capabilities, landing velocity require-
ments for fuselage contact should increase as helicopte r gross wei ght
increases.
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A suggested curve is shown in Figur e 4 , where the contact velocit ies vary
for  gross weights  of ove r 7500 pounds at the rate i l lustrated in Figure  3.
The suggested change in groun d contact velocities not onl y will improve auto -
rotation safety at hi gher gross  weig hts , but will save proport ionately more
repair costs associated with the more expensive , larger helicopter . The
costs of this added capabil i t y should be minimal in comparison with savings ,
since the only alteration is to add enoug h e n e r g y - a b s o r b e r  stroke to make
use of available fuselage clearance.
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Figure 4. Recommended Ground Contact Velocities.

An example of how an advanced technology hel icopter  landing gear can si g-
nificantly reduce accident costs, injuries, and fatalities was shown by evalu-
ating Army accidents for the years  1970 through 1972 (Reference  10).
Statistics show that 6.26 percent  of all accidents have excessive vert ical
acceleration and are survivable (Reference 11). If a hel icopter  were designed
to be flightworthy fo r vertical ground impacts of 31 fee t per second , then
75 percent (Reference  4) of the repor ted survivable hel icopter  accidents
woul d be classified as ju st  hard  landings.  The worldwide active Army in the
years  1970 through 1972 would have had 50 fewe r fatal i t ies ,  93 fewer  in ju r i e s ,
and would have saved $13 , 500 , 000 in total costs .

10 Kimball , K. A . ,  et al , ARM Y AUTOROTATION ACCIDENTS, FISCAL
YEARS 1970-1972, AARU Report 74-2, U . S . A r m y  Aeromedica l  Resea r ch
Unit, Fort Rucker, Alabama, August 1973.

‘1Haley J. T. ,  ANALYSIS OF (3. 5. ARMY HELICOPTER ACCIDENTS TO
DEFINE INJURY PR OBLEM S, AGARD Conference P rep r in t  88-71 , U . S.
Army Board for  Aviation Accident  Resea rch , Fort  Rucker , Alabama ,
June 197 1.
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Fh~- 1and ini ~ gear  and main  ro to r  en e r g y  a t tenua t ion  capabi l i t ies  can be
C e f l l t ) i f l t - d  to i n c r e a s e  s a f e ty  d u r i n g  the  a u t o rot a t i o n  land ing,  and si gni f icant l y
r~ - c 1 u c c  the  l imi ta t ions  imposed b y a he l i cop t e r  hei gh t — v e l o c i t y  d iagram . The
compara t i ve  magn i tude  of the gear and rotor e ner g y  capabilities , shown in
Ft ~~o re 5, were  es t imated using the informat ion f rom Fi gure  3 , and using
standard f o r m u l a s  for  roto r iner t ia  and autorotation calculations . Curve A ,
F~g~~re 5, is the ratio of the e n e r g y  s tored  in the main  rotor to the ver t ica l
des ent  ene rgy  of an au to ro ta t ing  he l icop te r . It g ives  an es t imate  of the
ex c e ss  ene rgy  available to stop the ver t ica l  d e s ce n t  of typ ical helicopters at

i~ft r ent  g r o s s  wei ghts .  Curve B adds the landing gear  to the rotor capa-
b i Lt i c s  and shows a 30 -pe rcen t  improvemen t  in avai lab le  energy  for  a
15. 000-pound hel icopte r . In summation:

• Pre sent  he l i cop te r  des i gn p r o d u ce s  h e l i c o p t e r s  that are  progres -
s i v e ly  less safe in au toro ta t ion  when their  ~ ross  wei g ht exceeds
15 , 000 pounds .

• The a b i l i ty  of the landing g e a r  to a b s o r b  -n -r ~~v i n h e ren t ly  i n c r e a s e s
as the g ross  wei g ht increases.

• The e n e r gy  a t t enua t ion  c a p a b i l i t i e s  of the  l an d  ng c & a r  can s : g n i t i  -

cantly improve the autorota t ion safety of t : ~e li op t t - r .

3.0 p —------ - ---- -- - - ----- - ---

A ( USABLE R OTO Rt N ERGY ~~ GEA P ENERGY \ -
CU V E B~ VERJ ICA t. OF SCE NT F N F RGY /

- 
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I
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Figure  5. Helicopter  E n e r g y  Ra t io .
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Helicopte r Design

The hel icopter  landing gear  a r rangement  is governed b y many paramete rs ,
such as the minimum tu rnover  ang le shown in Figure  6 . This ang le a f fec t s
stabili ty during landing, ground handling, or parking, and has been estab-
l ished by Military Specifications for use on commercial  as well as mi l i t a ry
helicopters. During the helicopter design proce ss , most aircraft manufac-
t u r e r s  ari d the i r  cus tomers  have decided to use a skid gear  for  low g ross
weight rotorcraft, as shown in Table 2 , s ince these he l i cop te r s  can be easil y
gr ound handled ~-ith separate wheels. The skid gear  also el iminates the
wei ght and costs assoc iated  with the complexi ty of b rake s and the associa ted
h ydraul ic  system found with wheeled gears .

\

_
Figur e 6. Landing Gear Turnover Angle.
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TABLE 2 . LANDING G EAR COMPARISON

Tr icyc le
Gross

Wei g ht , N o s e  Tail
H e l i c o p t e r  M a n u f a c t u r e r  lb Wheel  Wheel  Skid Quadr icyc le

300C Hug hes 2 , 050 X

F2SA Enst rorn  2 , 150 X

OH-ÔA H u g hes 2 , 400 X

SOOD Hug hes 3, 000 X

OII -SSA Bell 3, 000 X

20~~L Bell  3 , 900 X

l0~~C Boeing Ver tol  5 , 070 X

U H - I H  Bell 9 , 500 X

A H - IT  Bell  14 , 000 X

HH-52A Sikorsky 7 , 900  X

SH-2D Kaman 12 , 800 X

YAH-64 Hug hes 13 , 200 X

YUI-I-60A Sikorsky 15 ,850 X

SH-3D Sikor sh y 20 , 500 X

YAH-63 Bell 15 , 000~ X

Y U H_ 6 1A  Boeing Ver to l  15 , 000~ X

CH-3E Sikorsky 22 ,050 X

CH-46E Boeing Ver to l  23 , 300 X

RH - 5 3  Sikorsky 41 , 126 X

CH-54A Sikorsky 42 , 000 X

CH-47C Boeing Vertol 46,000 X

~Approximate

27

— _ -_-1_1_ut_ —~~~~ .~~~— — —-_- ~- — —.-~~ ..-— — —~~---~ —- — .- -



r 

— - - -—--- - -—-- -,,_— —= 
,__ .___ _._ ;-,.- - _ — - ----_---- -, _______________________

-_—.

~

-- ~~~~~
--- --

The U. S. hi gher g ross weight he l icopte rs  use wheels exclusively .  This

provides a taxi capabii i ty  and el iminates  ground handl ing problems associ-

ated with la rge  separate wheels and ja ck ing  equi pmen t . The t r i cyc le  type

gear with a nose or tail wheel , r a ther  than a quadr i cyel e , is p redominant l y

used . The nose wheel and quadr icycle  types g ive a mor ’  compact  gear

a r rangement  and a re  general l y used on he l icopte rs  that r e a r - l o a d  la rge

equipment . The tail wheel , r a ther  than a nose wheel , is sometimes used in

order  to keep the main wheels closer together  and to reduce the pitchove r

velocity that can be assoc ia ted  with hi gh nose -up  l a n d i n g s .  Some he l i cop te r

pilots have found the tail wheel hel p ful as a ground prox imity  indicator when

nap-o f - the -ea r th  and ni ght fl y ing i~ r equ i r ed .  The ty p e  of main rotor system

also affects  the landing gear , since ret rs with low lead-lag hinge
resistance must  have a shock s tru t  to dampen a ground resonance condition.

Two-bladed teeter ing ma in ro to r s  s imilar  to the OH-58A have not used land-

ing gear shock s truts .  However , f u t u r e  he l i cop ter s  d e s i g n ed  to recent  crash-
worthiness cr i ter ia  will probabl y r equ ire  a shock s t ru t  ~nr e f f i c i en t  energy
absorption.  Generally, the gear is confi gured or a r r anged  ~o ca r ry  out the
helicopter desi gn mission with the grea t e s t  cost ef fect iveness .

The modern s ta te-of- the-ar t  landing gear attenuates la rge  amount s of ene rgy

by using two methods, or a combination thereof . The most eff ic ient  method
is to use a shock strut  with a load limite r or energy  absorber . A variety of
load limiters are available , such as a i r -o il  or honeycomb desi gns with effi-

c iencies  in the order  of 90 to 95 percent . Anothe r method is the use of y ield-

ing capabilities of the metal arm or cross  st rut .  This confi gurat ion provides

efficiencies in the range of 50 to 80 percent .

The relationshi p between load factor and gear energy-absorp t ion  ef fic iency ,

Figure  7 , shows that when the efficiency drops 45 percent the load factor

increases  90 percent .  This has a si gnif icant  impact on the empty weight of

the helicopter , since hig h ef f ic iency g ive s a lowe r load factor and a shor te r

gear , and the re fore  allows lower fuselage and gear weights .  The importance

of a r r iv ing  at an eff icient  landing gear a r rangement  in the pre l iminary  desi gn

of a helicopter must  he emp hasized~ since the final cost and wei ght of the

helicopter will be greatl y affected.  The landing gear  can be optimized for

eff ic iency by:

• Develop ing an eff icient  shock s t rut .

• Minimizing the change in mechanica l  advantage of the shock s t ru t

over the travel of the gear.

• Maximizing the gear movement that s troke s the shock s t ru t ; i . e .
minimizing bending deflect ion .
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Figure  7 . Landing Gear Efficiency.

SHOCK ABSORBER

The shock absorber , also called a damper or energy absorber , has been
shown to be an important  part  of the l and ing  gear . It mus t  provide ef f ic ien t
energy attenuation ari d at the same t ime g ive a smooth ground roll for the
hel icopter  at a minimum wei ght and cost . Three  methods have been used to
evaluate shock absorber  e f f i c i ency.  The most  widel y used is based on the
quanti ty of ene rgy  absorbed . Hi gh e f f i c i e n c y  in absorb ing  e n e r g y  min imizes
helicopter  weight by l imi t ing  the load factor  and the length of individual  gear
components . MIL-L-8552C ( R e f e r e n c e  12) shows the method of computing
eff ic iency;  this method is shown in Fi gure  8.

12
Mili tary  Specification MIL-L-855ZC , LANDING GEAR , AIRCRAFT SHOCK
ABSORBER (AIR-OIL TYPE) ,  Depar tment  of Defense , Washington, D. C . ,
19 November 1965.
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I XM = MAXIMUM STROKE , FT

XM ~E = ENERGY ABSORPTION
EFFICIENCY I -

Figure  8. Load Stroke Curve .

Shock absorber efficiency based on length and stroke is a method of compar-
ing the absorber length needed for a required stroke. The shock absorber
length has a s ignifica nt impact on the landing gea r we ight but a small eff ect
on the fuselage weight , since a h igh stroke efficiency minimizes the length
of the shock strut. The method of calculating the stroke efficiency is:

= (L
E
-L

C)

where

= stroke efficiency

L
E 

= length fully extended , ft

= length full y comp ressed , ft

The specifi c energy absorbed by a shock absorber is the measure of its
abili ty to absorb e n e r g y  as compared to its own wei ght . A pract ical  com-
parison between a b s o r b e r s  can be achieved by dividing the total wei ght of
the absorber into the maximum amount of energy absorbed . This gives the
number of foot-pounds absorbed pe r pound of absorber .
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The hydraul ic  or o i l -or i f ice  type absorber , through its wide usage , has been
the work horse  of indus t ry  for  landing gears . Howeve r , the honeycomb-
constructed absorber has been used and is comparable to the oil-orifice type

— 
abso rber in ~~~-‘nuating large loads. The honeycomb design has crush
s t rengths  in the order  of 10 , 000 psi , allowing reasonable diameters and
lengths .  Some of the other shock absorber  designs listed in Table 3 are
promising candidat es for landing gear use. However, experience data regard-
ing the ir capabili ties is limited . It was there fore  decided to drop these can-
didates f rom cons ideration fo r an advanced landing gea r. The present state
of the ar t  in des i gning shock abso rbe r s  leave s two type s , a i r -oi l  and honey-
comb , either sing ly or in combination, that would best satisf y the advanced
landing gear requirements.
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DESIGN CRITERIA

The des i gn c r i t e ri a  wer e  fo rmula ted  by evaluating the c r i t e r i a  used ior  the
main gear  of the YAH-64 hel icopte r agains t  the fol lowing resul ts  of the data
sea rch :

• MIL-STD-1290 ( R e f e r e n c e  8) was the latest  specif icat ion covering
landing gear c r a shwor th ines s  desi gn .

• MIL-S-8698 (Refe rence 9) was the latest specification covering gear
loads other than crash .

• The landing gear  should increase  the e n e r g y  available to a rr e s t  auto-
rotational landings  b y approximate l y 30 percent .

• The shock s t ru t  could be desi gned using honeycomb c rush ing  and /o r
oil throug h an o r i f i c e  to absorb  energy .

The YAH-64 as basel ine  is equi pped with a nonre t rac table  landing gear con -
s is t ing  of two main wheel units and a s ing le tail wheel meeting the r equ i re -  I

,

ments  of MIL-S-8698 . The landing gear shown in Fi g u r e  9 provides the
ground  stability n e c e s s a r y  for  taxi , takeoff , and landing  at the basic struc-
tu ral  desi gn gr o s s  wei ght on L r ra in  with slopes up to 12 degrees,  and for
landing s ideways on a 15-degree  slope under zero wind conditions. The

landing gear conforms to MIL-STD- 1290 by minimizing the possibility of struc -

tural  components entang ling b rush , landing mats , and other obs t ruc t ions .
T}- e gear  subsystem is located so as to eliminate the  possibil i ty of a par t  of
t h e  gear  or support  s t r u c t u r e  being dr iven into an occup iable section of the
helicopte r or into a reg ion containing a flammable f luid tank or line , for  any
accident falling in the survivable category as defined in TR 71-22 (Reference 4).
An anal ytical and confi gura t ion  analys is  showed that the  fa i lure  of the landing

gear would not result in a failure of any crew restraint system or restraint

svsteni  tiedown . Anal ys i s  also showed that the g round  contact velocity at
which the fuselage jus t  touched the s u r f a c e  was 31 fee t  per second . The gear
flotation capability allowed the a i r c r a f t  to be towed at desi gn gross wei ght on
soil with a California Bearing Ratio (CBR) of 2 . 5 by vehicles normall y
ass igned to A r m y  aviation uni ts .  The landing gear provides  kneeling capa-
bility and dimensional  l imits that pe rmi t s  expedi t ious  handling and t r a n s p o r t

via C-130 and C -l4 1  a i r c r a f t . The gear was desi gned for  running landings

and takeoffs at 45 knots. The limit drop was 10 feet per second and the

reserve ene rgy drop was 12 .5 feet per second . The critical design conditions
were  a th ree -poin t  crash landing with side load and a two-point  landing with
drag.
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Figure 9. Three-View of Baseline Main Gear .
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The baseline main gear also minimizes  hard  landing damage by utilizing a
1ar ~~e deflection at a low load factor  of 5 to attenuate 57 percent  of the heli-
copte r c rash ene rgy at 42 fee t per second . Anothe r important  fea ture  is
that gear loads and moments are  reacted ac ross  the width of the fuselage
throug h a cross tube connecting the left- and right-hand gears . This char-
acte ristic ensu res  suppor t  of the fuselage throug hout the crash impulse and
not fail  due to local rotat ion of the a t tachment  f i t t ings .  The gear also
improves autorotation safety for th e basel ine hel icopte r by adding 25 pe rcent
more energy to arrest vertical descent.

The major components of the baseline main gear , shown in Figure 9, are
the cross  tube , shock s t r u t , and t ra i l ing arm with wheels , t ires , and brakes .
The t rai l ing a r m s  rotate on each side of the fuse lage  using the f ree  floating
cross tube as a p ivot , s t roking the shock s t ru t ,  and absorbing  the ground
loads from the t i res . The gear is capable of def lect ing 10 inches for  normal
landings and 39 inches for c r a sh  landings . Kneeling capabilities a re  attained
by hydraulically shorte ning the shock s t ru t , and ra i s ing  the gear 39 inches.
This allows the helicopte r to be t ranspor ted  by C-130 or C-l4 1  a i r c r a f t . The
t i re  is an 8.50-10 tubeless lU-p ly using a 24- by 7 . 7- inch  wheel . The brakes
are hy draul ic , with a sing le floating disc , and a re  manually operated with
powe r ass i s t. The shock strut is a combination s tandard a i r-o i l  oleo with a
3 . 63-inch stroke for normal operation and an in-line oil load limite r with an
addit ional 11 . 16-inch stroke for crash landings. All components of the gear
are  easily removed by using a fuselage jack and disconnecting the requ i red
assembly.

MIL-STD-1290 EVALUATION

The pr imary  des i gn loads for  the YAH-64  landing gear were  derived f rom
the crash requirements outlined in MIL-STD-l290 (Reference 8). The sing le
exception was the two-point  landing condition with d rag  f rom MIL-S-8698
(Refe rence  9) which dictated the desi gn of the shock s t ru t  and its a t tachments.
The portions of MIL-STD-1290 affecting the landing gear are as follows:

• The landing gear must be capable of decelera t ing the a i r c r a f t  at
normal gross  weight f rom an impact velocity of 20 feet per second
onto a level ri g id s u r f a c e  without  allowing the fuse lage  to contact
the ground . This contract  requ i red  that an impact velocity of
35 feet  per second also be evaluated . The limit sink speed was
10 feet per second.

• The a i rc ra f t  s t ruc tu re , except the rotor blades , shall be fli ght-
worthy after the preceding impacts .
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• The a i r c r a f t  shall  be capable of meeting the impact  requi rements
in acc iden t s , including a s imul taneous  fuse lage  angular  ali gnment
of ± 10 d e g r e e s  in pi tch or roll .

• The landing gear  shall be capable of absorb ing  as much of the c ra sh
energy  as practical , r e su l t ing  f rom a ver t ica l  impact  of 42 feet  per
second .

The desi gn of an a t tack he l i cop te r  encompasses  many var ia t ions  of the fuse-
lage . gear , gun , rocket  pod , and main ro tor  locations . The Y A H -64 , due
to the location and ground clearance needed for the 30mm gun , is able to
have a 39-inch total ver t ica l  t r ave l  of the landing gear . The maximum
normal travel of the gear is 10 inches , giving for a three-point landing a 3g
ground load factor at limit drop and 4. Sg at reserve energy drop. Table 4
summarizes  the ver t ica l  impact capabi l i t ies  for  the base l ine  gear . The
39-inch gear travel allows the load l imiter  port ion of the shock s t ru t  to be
set at a low Sg load fac tor . The gear at tenuates 57 percent of the helicopter
energy  resul t ing from a 4 2 - f e e t - p e r - s e c o n d  vert ical  crash .

FUSELAGE IMPACT

The baseline gear decelerates the helicopter at normal gross  weight from a
vertical  impact of 31 fee t  per second without  allowing the fuse lage  to touch
the ground . If this impact  ve loc i ty  was inc reased  to 35 feet  per  second,
ei ther  the ground load fac tor  or fuse lage  ground c learance would have to be
increased.  Hi gher  load f ac to r s  would r equ i re  additional fuselage s t rength ;
more fuse lage  clearance would r e q u i r e  a longer landing gear . In both cases
addit ional  wei ght must  be added to the hel icopter . The resu l t an t  ver t ical
load factor for a 35-feet-per-second impact, assuming no change in fuselage
clearance and a I g rotor  l i f t  is

/ 2
fW V  

_ _N , ( 
c - E  - sZ Z g T

/
\
~~fl~~ G

= 
( 13 , 950 (35)
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-

\ 64 . 4 \ 13, 9 s o x o . 9 x ~ -~ /

= & . 25 g
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where

N ,, = load factor, g

W = helicopter weight, lb

V = contact velocity,  f t/ s e c

E
T 

= energy absorbed b y t i r e , f t - lb

= gear e f f ic iency  (energy absorbed)

SG 
= gear vertical  movement, ft

This represents  a load facto r increase  of 25 percent. The estimated total
weight of the baseline fuselage and main and tail landing gear affected was
816 pounds. The hel icopter  weight load factor  varies  in direct  proport ion and
accordingly , the resu l t  is a 204-pound weight increase . This is 1. 46 percent
of gross  weight .

816 X 0. 25
= 13 ,950  

X 100

= 1.46 percent

The requi red  fuselage clearance using a 5g load factor , assuming a i g rotor
lift and a ground impact of 35 feet  per second is

wv
S

G = ( 2 g
c 

- l0~~374) WN
zI0

= ( l 3~ 950 (35)
2 

- 10, 374) 13, 950 X 5  X 0. 9

= 48. 74 inches
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It was  n e ce s s a r y  to i n c r e as e  the length of the main gear t ra i l ing arm to

provide for this clearance . This necessitated alteration of the fo rward  fuse-

1a~ e because the cross tube had 
to be moved fo rward  in orde r to keep the

same p i tching ti pover  ang le . The estimated wei g ht increase  for these con-

fi gu ra t i on  changes  was 152 pounds or 1. 09 percent  of the fuselage gross

\V C I 4 1 t .

In summat ion ,  i f the maximum impact  velocity for no fuse lage  contact was

changed to 35 feet per second , the fuselage wei ght would necessar i ly i nc rease .

However , this  g ives  the ge~t r  more  ene rgy  absorp t ion  capabil i t ies , and

allows the helicopte r to at tenuate a 4 5 - f e e t - p e r - s e c o n d  vertical c rash  veloc-

i t y .  This exceeds the  r e q u ir e m e n t  of MIL-STD-1290 by 3 feet  per second.

Since weig ht and cost penalt ies caused by exceeding specif icat ions were not

cos t -ef fec tive , an impact  veloci ty  of 35 feet  per  second could not be jus t i f i ed

and was not used for  the gear  des ign  c ri te r ia . It became obvious at this

point that the 4 2 - f e e t - p e r- s e c o n d  vert ical  c rash  requ i rements  for the com-

plete hel icopter  estab l ishes the maximum impact velocity at which the fuse-

lage will not touch the landing sur face . Increasing the fuselage impact

velocity to 35 feet  per second gave unacceptable penaltie s and decreasing the

velocity to 20 feet per second gavL up hard  landing capability. There fo re ,

an impact velocity of 31 feet per second was determined to be the optimum

and was used as the cr i ter ia  for  the advanced landing gear .

The vertical crash requirements  of 42 feet  per second increased the ground

load factor for the baseline helicopte r from 4 . Sg to 5. 55 g. This was approx-

imately a 25-percen t  load factor  increase and , as previously determined ,

would increase  fuselage  weight approximately 1.46 percent  of gross  wei ght.

This wei ght increase is considered acceptable in relation to the possible cost

savings that will accrue  due to the increase  in helicopter c rashworth iness .

AIRFRAME DAMAGE

Fuselage damage at the landing gear attachments due to loads resul t ing  from

a vertical ground impact of 31 feet  per second was confined to local y ielding

because fa i lure  of the fuselage fitting s due to rotation was eliminated by the

cross  tube method of gear  attachment. Also, even thoug h the fuselage struc-

ture  was desi gned for 5. 55g, the shock st ru t  limited the load applied to the

fuselage to 5g. This 10-percent failure marg in perm itted the local skin

panels and fittings to yield and buckl e but not ruptu re.

MAIN ROTOR BLADE

The main rotor blades can withstand the fo rces  resul t ing f rom a hi gh landing

gear ground impact if it is assumed they do not strike the landing surface  due
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‘ to excess ive  fuselage p itch and roll . It follows that the blades would be
damaged only if groun d load fac tors  exceeded the l i f t  on the blades , caus ing
excessive negative blade coning.  The total wei g ht of main rotor  blades
gene rally averages 6 pe rcent of the hel icopt er gross  weight . If the rotor
lift of O.d? g is assumed at ground impact , the blades would be lifting 11 .17
t imes  the i r  own weight and could withs tand ground load facto rs of 7 .45 g with-
out y ielding. The roto r blades for  the YAH-64  wei gh 5 pe rcen t  of g ross
wei g ht and withstand,  without y ielding , a ground load fac tor  of

N
z = L

R ÷ W
B

x
i~

L_

= S.93 g

where  Nz = ground load fac tor  L
R = ro tor  lift g

W B = blade wei g ht f r ac t ion

This gave a safe margin of

M 8. 9 3 _ i
S 5

= 0 . 7 9

The minimum roto r lift at which the YAH-64 rotor blade s would not be
damaged is

L
R = N z x l . 5 X W ~~

L
R = 5  x l . 5 x  0. 05

= 0.38g

UNSYMMETRICAL LANDINGS

The arrangement  of the exte rnal stores and main rotor on the ai . f r ame will
generally g ive clearance for  unsymmetr ical  landings grea te r than ±10 deg rees .
The YAH-64  is designed to provide clearance at ±12 degrees in pitch and
±15 degrees  in roll . The load capability for the c ra sh  condition descr ibed  in
A ppendix A would allow a roll angle of

- 1  16 ,470
tan 

40, 358 = 22 d eg r e e s
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SHOCK ABSORBER

The data se i r c h  concluded tha t  the onl y r e a d i ly  desi gned shock a b s o r b e r s  —

were  the s t anda rd  a i r - o i l  type and the honeycomb load limite r , It was also
concluded  that t h e  shock a b s o r b e r  mus t  p rov ide  t h e  fol lowing manda to ry
t e a t i i r e s :

• :\ damping f o r c e  s u f f i c i en t  to at tenuate g roun d resonance .

• Shock at t enua t ion  d u r i n g  ground roll .

• Kneel ing capabi l i t i es  by shor t en ing  the s ta t i c  he l i cop te r  hei g ht
31 .5 i n c h e s .

• F i f t y - s e v e n  p e rcen t  absorp t ion  of the ve r t i ca l  e n e r g y  due to c r a s h
impacts  at 42 f ee t  per second .

• Compliance with t h e  app licable Mi l i t a ry  Spec i f ica t ions  cited in
Appendix B .

The shock s t ru t s  shown in Fi gure  10 were  sized for  the basel ine gear  and
s i t i s f y the p reced ing  r e q u i r e m e n t s, except  that a s e par a t e  kneeling c a p a b i l i t y
would have to be provided fo r  a he l icopte r  wi th  the h o n e y c o m b  s t rut . The
normal  a i r - o i l  opera t ing  port ion was common to both s t ru t s .  It used air
p r e s s u r e  as a r e t u r n  spr ing  and oil f lowing t h roug h an o r i f i c e  for  e n e r g y
abso rp t ion . The honeycomb load l imi te r  was made  95 pe rcen t  e f f i cien t  b y
p r e c r u s h i n g  the honey comb 5 pe rcen t  to reduce  the ini t ia l  peak in the load-
s t roke  curve , The s t roke of both shock s t ru t s  ~ as the same and met baseline
requ i r emen t s .

The s t r u t s  are  compared  in Table 5 . The a i r -o i l  type used on the base l ine
gear  was the most  e f f ic ien t  overall . Its l o a d - s t r o ke  e f f ic iency  had been
developed to va lues  comparable to the honeycomb type . The length was
5 .7 inches  sho r t e r , g iv ing  a hi gh length e f f i c i ency .  This s t rut  reduced the
he l icop te r  maintenance and acquis i t ion  costs  by p r o v id i n g  integral kneeling
capabi l i t ies  and being reusab le  a f ter  full s t roking . The potential haza rd  of
sp ray ing  fluid d u r i n g  a c r a s h  is alleviated b y containing t h e  oil inside the
s t ru t . Both s t r u t s  have rebound capabi l i t ies  due to t h e  a i r  p r e s s u r e  in the
small end . The a i r — o i l  sh )ck s t ru t  wei ghs less , is t i ~e most  e f f i c ien t ,  e l i m i-
nate s c u s t o m e r  log i s t i c  p roblems , and is t h e r e f o r e  t h e  most  cost e f f e c t i v e ,
This  shock st r u t , t h e r e f o r e , was selected for  u se wi th  the advanced land ing
gea r .
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AIR-OIL HONEYCOMB
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‘ AIR-OIL OIL

b. Air-Oil (Baseline )

Figure 10 . Shock Struts.

TABLE 5 . ABSORBER COMPARISON

Air-Oil Air-Oil and Honeycomb

Length Efficiency, percent  30 27

Load Stroke Efficiency, percent 75 to 90 95

Specific Energy Absorbed, 2564 2205
ft - lb / lb

Weig ht , lb 42 48 . 4

Rebound Capability Yes  Yes

Kneeling Capabilit y ~ es No

Reusable Yes No

Fluid Hazard No No

42

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ J T:~~~~~~~~TEi1~~~~~ -; 11 ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~
_ _ _ _



_ _  7 T T’ -:~~~~~~~~ _ _

DESIGN CRITERIA SUMMATION

The completion of the data search and evaluation of the latest mi l i tary
requ i remen t s  found in MIL-STD-1290 (Reference  8) were completed . The
resul ts  were used to formulate the following c r i t e r i a  for the advanced land-
ing gear .

• The requirements of MIL-S-8698 (Reference 9) for a Class I heli-
copte r must  be met.  This covers ground handling,  and normal and
obstructed landing loads. The limit drop shall be 10 feet per second.
The reserve energy  drop shall be 12 .5 feet  per second.

• The requirements  of MIL-STD-1290 covering ro tary-wing c r a s h -
worthiness must  be met or exceeded .

• The vertical velocity at which the fuselage will jus t  touch the landing
surface shall be 31 feet per second .

• Pitch and roll alignment at a ground impact of 31 feet per second
shall be ±12 and ±15 degrees , respect ively.

I

• The blade s and fuselage shall be fli ghtworthy af ter  a vertical ground
impact of 31 fee t  per second , assuming 0.38g rotor lift .

• The landing gear must  minimize the possibil i ty of entanglement with
brush , landing mats , and other obstruct ions.

• The gear shall be located so as to eliminate the possibi l i ty of par t  of
the gear or support  s t ruc tu re  being driven into the occup iable sec-
tion or the flammable fluid tank or line of the helicopte r dur ing any
survivable accident defined in AAMRDL Technical Repor t  7 1-22
(Reference 4).

• The helicopte r shall be capable of being towed by assigned A rmy
vehicles at design g ross  weight on soil with a California Bearing
Ratio (CBR) of 2 .5 .

• The landing gear shall be wheeled and capable of 45-knot  running
landings and takeoffs .

• A fai l -safe  brake system with parking locks and capable of secur ing
the hel icopter  on a 12-degree  slope must  be incorporated .
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• The shock s t ru t  shall be an a i r -o i l  type , limiting the helicopter
ver t ical  ground load factor  to 5g. Integral kneeling capabilit ies
must be included .

• The gear shall attenuate 57 percent  of the helicopte r crash energy
due to a vertical impact at 42 feet  per  second .

• The landing gear shall improve safety dur ing autorotation landings
by increasing the helicopter  vertical  a r re s t ing  capabilities by
25 percent .

I

-N

_ _ _ _ _ _ _ _ _  __ __
_ _ _ _  -— ._._, ::~~~~~ 

- - -—------ - — - - . — - -

~~~~~ 

- - - - - -  
~~

-- T~~~~
’- 

--~ -- _- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ —--- -----—- ~—~~~~--------- -,---.- —,.-- ~ -- -~-- -~~—,. - —-~---~~~~~~~~~--- ~-



_ _  

-

~~~~~~~~~ - - _ _

MATERIAL INVESTIGATION

The materials investi gation task identified , for f u r t h e r  evaluation, three
advanced s t ruc tura l  materials  that had been established by i n d u s t r y  and
could be applied to landing gear design and fabricat ion . The gear on the
baseline helicopter had been fabricated from 300m maraging steel conforming

- to MIL-S-8844 (Reference  13). This well-known steel retains hi gh impact
strength and toug hness at the 280 , 000-ps i  s trength level required on the base-
line helicopte r . The baseline gear was fabr icated using established produc-

- 
tion machining methods and, therefore , had reliable cost data. This desi gn

- approach was the most cost effective for the 1977 time frame .

Composite materials  technology has been r ap idly expand ing  in the  field of
- structural materials. They have specific s t rengths  three to four  times that
-

- 
of metal , as shown in Figure 11. Improved fabricat ion methods such as
wet-fi lament-winding (WFW) and pul t rusion (Refe rence  14) are  rep lacing
costly hand layup techniques. A comparison of the relative fabricat ion costs
between graphite and steel is shown in Figure 12 .

The costs were determined for  the baseline t ra i l ing  arm . It was assumed
graphite woul d reduce the wei ght of the metal arm 10 percent , and that $100

- would be the value of a pound saved. A WFW trail ing arm was estimated
- on a pound basis to be five times more  costly than composite blade fabricat ion.

- Hughes Helicopters had predicted fabricat ion costs for WFW main rotor
blade s to be in the order  of $14 per pound (Reference 15). This gave an

- 
13
Military Specification MIL-S-8844, STEEL BAR, R EFORGING STOCK ,
AND MECHA NICAL TUBING , LOW ALLO Y , PREMIUM QUALITY ,
Department of Defense, Washington, D.C., 25 May 1971 .

‘4Jones, B.H. and Jakway, W., MM& T - PU LTRUDED COMPOSITE
STRUCTURAL ELEMENTS, Goldsworthy Eng ineering,  Inc .; USAAMRDL

- 
- Technical Report  76-5 , Eustis Directorate, U.S. Army Air Mobility

Research and Development Laboratory, Fort Eustis, Virg inia,

- 

December 197 6, AD A 0352l7 .

15
Head , R .E ., FLIGHT TEST OF A MULTI -TUBULAR SPAR MAIN ROTOR

-: BLADE ON THE AH- 1G HE LICOPTER , VOLUME VI - P R O D U C T I O N

COST ASSESSMENT , Hug hes Helicopters, Division of Summa Corpora t ion ;
- USAAMRDL Draft Technical Repor t , Eus t is  Directorate, U .S. A r my  A i r

- Mobility Research  and Development Laboratory,  Fort  Eustis , Vi rg inia
(to be published).
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Figure 11. Materials Strength Comparison.
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Figure 12. Graphite Versus Steel Cost Comparison.
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est imated fabricat ion cost of $70 per pound for the trail ing arm. Figure 12
shows that graphite composite mater ia ls  at the 1975 price of $38 per pound
competed successfu l ly costwise with steel for  t rai l ing arm fabricat ion.
There fore , it was apparent  that the most effect ive industry-es tabl i shed  fiber ,
such as graphite . should be selected and used to design and fabr ica te  a land-
ing gear component in order to demonstrate the application and effectiveness

of an advanced material  for such a component.

COMPOSITE FABRICATION

The ever-present need to increase productivity has ne ce ssitated constant
• s tr iving to improve the cost of fabrication by rep lacing hand methods with the

repeatability and quickness of machines.  Technique s such as the automatic
tape layup, pultrusion , tape winding, and WFW are continuously being
improved , giving steady increases in productivity. WFW is a relatively
inexpensive method of fabr icat ing var ious circular , elliptical , or rec tangular
par ts  by unwinding f ibers  f rom a storage spool , wetting them with res in , and
winding them onto a rotating mandrel . The winding ang le is the same as the
f iber  ang le and is obtained by synchronizing the rotational speed of the man-
drel with the t ravers ing  speed of the winding machine . The mandrel is
relatively inexpensive and can be fabricated using a var ie ty  of materials  such
as plastic , air  supported bladders,  and shaped r ubbe r.

Adding the resin di~r ing the winding process  save s pre impregnat ion (p repreg)
costs . The tension created in the filaments dur ing WFW improves tensile and
compress ive  strengths by keep ing the f ibe r s  straight and aligned. The wind-
ing angle can be infinitely varied , producing the p r e f e r r e d  orientation of the
f ibe r . Preheat ing the f i laments  causes  a dramatic improvement in in te r -
laminar shear strength.  Tests  have shown that mechanical proper t ie s of
W F W  parts  correlate closel y with theoretical values determined by the rule
of m ix t u re s .  The WFW fabr icat ion process  has been success fu lly used in
several s t ruc tura l  app l icat ions  such as main rotor blades (Reference  15) and
aft tuselage sections (Reference 16). The technique has provided low cost
with excellent resul ts ;  therefore , this  process  was selected for f abr i ca t ing
the advanced landing gear .

16
Needham , J. F., DESIGN, FABRICATION , AND TESTING OF AN
ADVANCED COMPOSITE A H - 1 G  TAIL SECTION (TAIL BOOM/VERTICAL
FiN), Hughes Helicopters, Division of Summa Corpora t ion;  USAAMRDL
Technical Report 76-24, Eustis Directorate , U. S. Army Air Mobility

Research and Development Laboratory, Fort Eustis, Virg inia, November

1976 , AD A034457 .
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ENVIRONMENTAL DEGRADATION OF COMPOSITES

The data search found many repor t s  concerned with the environmental degra-
dation of composite materials. The most common problems were the craze
cracking and powdering of the res in  caused by ultraviolet  light and the reduc-
tion of interlaminar shear s t rengths  caused by the permeation of moisture
into the resin.  Many repor ts  outline ongoing research  efforts  oriented to the
understanding and solution of these problems . The many composite compo-
nents in use certainly attest  to the fact  that these mater ia ls  can effectively
exist in the service environment.

Some effective methods used to alleviate environmental problems are :

• Choose resins that exhibit reduced mois ture  permeation, such as
the aromatic amine cured systems .

• Seal all cut ed ges and holes.

• Use a mois ture  ba r r i e r  such as paint or a deposited coating ove r
all exposed s u r f a c e s.

• Use cur ing  methods that produce dense void-free laminates.

An excellent summary of environmental  problems with correct ive measures
is given in the Advanced Composites Desi gn Guide (Reference  17). Figure  13
was reproduced from this guide to show how severe mois ture  problems can
be dramatically improved with a ba r r i e r  coating such as polyure thane  paint .

The long-term effects of ul t raviolet  light and moi s tu re  on composite mater ia ls
is being assessed by many U . S. Government and indus t ry  programs. One
program administered b y Boeing for  NASA monitors  the in - se rv ice  experi-
ence of a grap hite 737 spoiler , using per iodic  s t rength  tests  checked agains t
protected control samples . This progr .~un is one of many that will continue
for  a number  of yea r s ,  supp l y ing in format ion  that will keep improving the
methods used to protect not onl y composite  but metal  parts  as well .

‘7 ADVANCED COMPOSITES DESIGN GUIDE , Advanced Development
Division , A i r  Force Mater ia l s Laboratory ,  Ai r  Force Sys tems  Command,
Wri ght-Pat terson A i r  Force Base , Ohio .
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Composite parts have provided long dependable se rv ice  by significantly
improving fat igue life and reduc ing  the effect  of localized damage because
of the inherent mul t i - layer  and mult i-direct ional  fabricat ion techniques .

Co-cur ing integral fittings with the composite assembly increases  reliabili ty
by reducing alignment problems caused by tolerance buildup between parts.
Composite parts will vir tual ly eliminate the maintenance problems associ-
ated with corrosion.

FIBER EVALUA TION

The field of possible f ibers  shown in Figure  14 was large , rang ing from the
centuries-old organic f i b e r s  such as cotton to the more recent  Keviar and
graphite f ibe rs.  The organic aramid f iber  Keviar 49 and the inorganic man-
made f ibers  made of boron , graphite , and glass have shown excellent struc-
tural capabilities when used with a resin matr ix  and have been developed and
used extensively by industry.  Sufficient desi gn and fabr icat ion informa tion
was available to qualif y them as industry-establ ished st ructural  materials.
These candidates were fu r t he r  reduced to three by choosing f ibers  that
exhibit these WFW character is t ics:

• The fiber * tow must  be capable of withstanding the tension produced
by the rotating mandrel .

• The f iber  must be easily moistened with res in  that adheres , allowing
no dry areas  and producing a homogeneous composite .

• The f iber  should be sufficiently flexible to drape around the par t
being wound .

• The dry f iber  must  be available in tow form .

The boron f iber  was eliminated because its large diameter and hi gh modulus
gave poor flexibili ty and thus made it difficult  to WFW . E- glass was elim i-
nated because S-g lass had hi gher mechanical propert ie s and a slightly lowe r
wei ght as shown in Table 6. This left the remaining three  candidates , Kevlar
49, Thornel 300 graphite , and S-glass , that had excellent s t reng th- to -weight

• ratios coupled with very good WFW character is t ics, for  fur ther  evaluation
in the desi gn analysis  section ,

*A tow contains a large number  of f iber f i laments.  This program used both
a 3000- and 6000-filament tow ,
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V I N Y L  _____________
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[ ARAMIDS 1 KEVLAR 
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I LOW MODULUS
‘— KEVLAR 49

r-TYPE E
GLASS

L_TYPE S

/
Figure 14 . Fibers.

S-glass fibers are made from lime-alumina boro-silicate glass. They are
continuously formed when molten glass flows through a specific number of
metered or i f ices .  These f ibers , due to their abrasive nature , are given a
surface coating to alleviate wear between the individual glass strands and to
enhance resin adherence . The extensive usage of glass fiber goes back to
the beg inning of composite manufacture.  It is the material with which the
composite industry started and grew . Consequently, a hi gh availability at a
low cost is envisioned for the future .  It has been successfully used in a wide
range of applications, both structural and nonst ructura l. Thus , i ’ -glass
easily qualifies as a candidate material.

Keviar 49 is a relatively new fiber with a high tensile s t rength- to-weight
ratio and excellent adaptability to WFW . The manufacture  of this synthetic
fiber is accomplished by sp inning specific polyamides in an inert  atmosphere .
This f iber also has many uses such as t ire cord , rope , fl ywheels , and air-
craft  s t ructure, thus assur ing  continual availability at competitive pr ices .

Medium modulus Thornel 300 was selected f rom the grapiii te  f ibers  because
of the excellent per formance  it has displayed in filarnei.t -wound s t ruc tura l
parts.  It was chosen over the high-  or ul t ra-high-modulus  graphite due to
its hig her strength -to-weight ratio and better impact s t rength . The grap hite
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TABLE 6. COMPOSITE FIBER COMPARISON

Filament  E-Gl4 ss  S-Glass  }‘c - v l a r  4~ l : - ~r’~,- 300

Fibe r S p e c i f i c a t i o n  M I L — R - o U 3 4 n  Nl1 L— R-~~~34b AN tS l~~~) 1  •-~M S ~

Density l b / i n .  o . Ub i ,  0. 6C 0, ‘I l~~~ 0 , 08~~-l

Fiber  volum e Ir a  t b ,  0 . 50 0 , 0 0 , 50 0. 50

U n i d i r e c t io n a l  Pi’oper t ~~-s

Ten s ion  s t rength , ps i  138 , 000 1 b3 , 00 0 1 i, 3 , 000 I c 3 , 000

Compress ion  s tr e n g t h ,  ‘si 9.~ , 500 107 , 500 35 , 000 107 , 500

Shear s t r e n g t h , psi 9 , 330 9 800 1 , 400 4 , 000

Tens ion  u o du l u s .  l O ~ psi 5. 5 6, 5 9 . 7 17 , 2

Shear modulus , 10
6 

psi 0. 52 0 , 53 0 . 23 0 , 51

Spe i f t e  Strength x

Tension,  psi .~ , 07 2 . 48 3 . 48 3 . 11

C o m p r e s s i o n  ~) 5 I  1 . 39 1 . 64 0 . 75 2 . 03

Crossp ly ( * 15 )  P roper t i es

Tens ion  s t rength , psi  1 ló , 000 133 , 000 92 , 000 10 1 , 000

Compression s t r e n g t h , psi 81 , 000 94 , 000 29 , 000 87 , 000

Speci f ic  Strength x io
_ 6  

inch

Tension , psi I , 74 2 . 03 1 . 97 1 , 93

Compression, psi 1 . 22 1 . 43  0 . 61 L it,

Price. dollars/lb 0.35 6, Jo  8 5 0  38.00

fiber is made from carbonaceous fibrous raw material  that pyrolizes to char ,
will not melt, and leave s a high carbon residue.  If the f ibers  are restrained
from shrinking during the pyrolysis step, a high degree of p re fe r red  orienta-
tion of the graphite layers parallel to the fiber axis results.  This fiber is
the most expensive of the three candidates chosen; however , its growing
commercial and aerospace applications assure  a continual supply at a steady
reduction in price.

RESIN SYSTEMS -

A brief overview of available resin systems is presented in Figure 15 . The
conventional and modified tooling res ins  are well established in industry.
The two-phase or bimodal systems are relatively new. They incorporate
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Figure  15 . Resin .

generally 6 to 1 5 percent of an elastomer ic resin in an epoxy system so as to
improve:

• Fatigue life

• Thermal strength

• Fracture toughness

• Transverse properties

• Thermal shock resistance

The bimodal systems show great  promise for  fu ture  composite app lication .
Howeve r , they have not been established in the f i lament-winding field , and
therefore , were dropped from consideration.

Resins and hardeners  used for WFW have special requi rements  because of
the nature of the winding technique . The f iber  is pulled through a res in  at a
fast  rate , requir ing the resin to have excellent fiber-wetting and low viscosity
cha r acteristics . If the fabricated part  is large , a long po t life for the res in
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is mandatory,  while keep ing good rub-ou t  (removal of excess res in)  capability.
The hardener has a dual role: to gel at a low temperature  and to complete the
cross linking at the hig her cure tempera ture  as a catalyst . The advantage of
a low gel temperature  is the minim L zation of residual s t r e s ses  between the
resin and fiber due to the rmal expansion. Other considerations are:  com-
pa tibility with different f ibers  and other resin sys tems;  suscept ibi l i ty  to
moisture absorption; and exhibiting no corrosive, fuming . or stainir~~ ten-
denc ies . These character is t ics  require a special formulation prepared and
developed by the resin-hardener  supp lier and the composite fabrica tor . The
time and effort  required to produce the resin system and to gain confidence in
its capabilitie s must evolve ove r many years.  Therefore , based on their
hig h state of development, modified tooling resins and hardeners produced by
APCO were used . The controlling material specifications HMS 16-1115 and
HP 15-53 , included in Appendix C, specify the APCO res ins  and ha rdene r s
that qualif y.

I
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DESIGN ANALYSIS

The desi gn analysis task eva luated the three f ibers ,  graphite , Kevlar 49,
and S-glass ,  and selected one as the most cost-effective for landing gear
fabrication . Analyses were also included for various landing gear configura-
tions , leading to choosing the component and concept tha t was used to demon-
stra te the effectiveness of the advanced material selected .

FIBER SELECTION

A weight and cost study comparing the three candidate fibers was performed
using the baseline cross tube as a basis for comparison. This component
was common to most anticipate d gear configurations . Its size , shape , and
loading was similar to the trailing arm and therefore  it was well suited to be
used for fiber comparisons. The weights of the composite cross tube , sized
by using the three candidate f ibers , are presented in Figure 16 . The assumed
winding angle was 15 degrees with a fiber volume of 50 percent. The Kevlar
49 tube , compared with graphite and S-glass , had excessive weight and size
due to its low compressive strength and was eliminated from fur ther  consid-
eration. The graphite tube was 18 percent lighter than S-glass when com - f

paring optimum diameters, but S-glass has lower material costs . Both
materials had fabr ic ation, handling , and mainteance cos ts that were essen-
t ially the same. The most cost-effective fiber was found by trading the low
weight of grap hite at its high material cost agains t the high weight and low
cost of S-glass.

This cost comparison , presented in Figure 17 , assumed that a pound of
weight saved from a modern helicopte r was worth $100. The cost used per
pound for S-g lass was $6 . 10 . The g r aph plots tha t dollar value per po und
where graphite and S-g lass are determined to be equal in value ; this is done
by taking into consideration the d i f ferences  in f iber  cost and weight deter-
mined for the cross tube . Graphite was shown to be the most cost-effective
when its cost was less than $25 per pound.

Graphite manufacturing costs are gradually decreasing due to improve d fab-
rica tion methods using p itch p recu r se r s .  Information supplied by Union
Carbide and plotted in Figure 18, show graphite costs in the 1980 time frame
at levels well below the break-even cost with S-glass. Graphite , therefore ,
proved to be the most cost-effective material and was used for the design and
fabrication of the advanced landing gear . 
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Figure 16. Materials Wei ght Comparison.
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Figure 17. Graphite Versus  S-Glass Cost Comparison .
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Figure 18 . Price of Graphite .

CONCEPT EVALUATIONS

Composite design too often in the past had merely rep laced the metal counte r-
part with f iber  because of constraints such as the aerodynamic shape and the
surrounding s t ruc tu re. This design effort s tr ived to use the unique charac-
teristics of the composite material to drive the confi gurat ion , by eliminating
bonded metal parts and maximizing the use of graphite epoxy . Variations in
size and location of members were allowed . However , for this study the
established cri ter ion was held , g iving a f irm basis for comparison between
the baseline gear and the new gear concepts.
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The baseline gear has four major components as shown in Figure 19. Each
is a good candidate for composite application. Composite shock struts
(Reference 18) and wheels (Reference 19) have been evaluated on previous
program s showing weight savings of 10 and 16 percent, respectively. The
cross tube , an excellent composite application , is unique to the baseline
helicopter and therefore not widely used . The trailing arm, however , is
fo und on many helicopters and , with successful fabrication using graphite
fiber as the structural material , would push landing gear technology a step
forward. Therefore , with this reasoning, the major emphasis for this pro-
gram was directed to the development of an all composite trailing arm .
However , weight comparisons were made using all the landing gear major
components. This gave realistic results since configuration changes affected
these landing gear parts.

The basic ground rules for design were established as:

• The trailing arm geometry with the wheel location and travel was
the same as the geometry of the baseline main gear shown in
Figure 20 .

• Relocation of the shock strut was permissible. - 
/

• The cross tube was sized using graphite epoxy.

• The baseline test fixtures were used with minor alterations.

• The weight s es timated f or the shock strut, cross tube , and wheel
maximized the replacement of metals with composites .

18
FILAMENT COMPOSITE MATERIALS LANDING GEAR PROGRAM , The
Bendix Corporation , Energy Controls Division; AFFDL Technical Report
72-78 , Air Force Flight Dynamics Laboratory, Air Force Systems Com-
mand , Wri ght-Patterson Air Force Base , Ohio.

19Price , A . L. ,  FILAMENT COMPOSITE WHEEL DEVELOPMENT FOR
MILITARY AIRCRAFT, Whittaker Corporation ; AFFDL Technical Report
71 -144, Air Force Flight Dynamics Laboratory, Air  Force Systems
Command, Wri ght-Patterson Air Force Base , Ohio , October 1971.
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Figure 19. Baseline Gear Components .

The trailing-arm geometry and wheel travel was maintained in order to keep
the same load factors and helicopter landing stability in pitch and roll. The
deviations allowed from baseline geometry was the length and location of the
shock strut and the necessary increase in size of the trailing arm and cross
tube , The diameter of the composite cross tub e wa s app r oximatel y twice
that of the baseline tube . This increased the size and wei ght of the fuselage
attachment fittings as well as the size of the t ra i l ing-arm attachment. Com-
pari sons between different  concepts were conducted using composite wheels
and shock struts with weight reductions of 16 and 10 percent  respectively,
under the metal baseline parts.

The baseline trailing arm , cross tube , and shock s t rut  are made of steel
tensile properties 280 , 000 to 300 , 000 psi . The wheel is aluminum and is
used with a tubeless 8:50-10 , 10-ply t ire . The composite trail ing arm must
hold the 52 . 14-inch length of the baseline arm,  but can vary the location of
the shock strut  as well as the arm diameter . The baseline desi gn loads g iven
in Appendix A were used for the advanced landing gear concept designs and
evaluation, Condition 5, a two -wheel landing with drag obstruction , was
critical for the shock strut ;  whereas Condition 8, the c rashwor th iness  ulti-
mate fai lure load, was critical for the remaining components.
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Ten concepts using three basic approache s were desi gned and are reviewed
in Figure 21. Concepts 1 and 2 used the baseline geometry shown in Fig-
ure 20 and have essentiall y re placed the me~a1 tube of ft~ trailing arm with

gr ap hite . Steel fittings were added f o r  attaching the cross tube , shock s t ru t ,
and wheel . Concept 5 used the geometry  shown in Figure  22 . Here the c ross
tube and arm were combined to form a continuous curved tub e with localized
fi t t ings for attaching the wheel , shock strut , and fuselage . The final approach ,
Concept s 3 , 4 , and 6 , used Figure 22 geometry  and disposed of the large steel
cross  tube a t tachment  fit t ing s of Configuration 1 by using an arm with a wider
square or elliptical cross section. The loads in the trail ing arm w e r e  trans-
ferr ’~d to the cross tube by bearing on the edges of the holes in the arm . The
axle and shock s t rut  attachments were f i t t ings  bolted through the composite
arm. The detailed drawings for each concept can be found in Appendix E.

The following raUonale outline s v~~y Configurat ions 1, 5 , and 6 were chosen
for a more detailed evaluation. The trailing arm in Configurat ion 1 eliminated
the different ial  expansion problems of the bonded steel f i t t i ngs  used in Con-
f igurat ion lÀ and lB and weighed less than Configurat ion 2 . Configuration 1
used a steel tee fitting bolted to the trai l ing arm for  attachment to the cross
tube. Torsion loads were t r ans fe r r ed  from the graphite arm to the tee fitting
by bolt bearing and bending loads , throug h socket action . The shock s t ru t  and
axle attachments were sing le f i t t ings bolted to the graphite arm. The c i rcular
cross section of the arm minimized aerodynamic drag and facilitated fab ri ca -
tion by the WFW process .

The curved shape of Configuration 5 used a graphite c i rcu la r  cross section.
This was a more innovative approach that combined the cross  tube with the
trail ing arm into a sing le curved tube. The shock s t ru t  was relocated to be
closer to the axle. The axle attachment was similar to Confi gurat ion 1 and
used an internal spacer and nut . The fuselage  f i t t ings were simply bolte d to
the tube and atta ched b y a sin gle bolt to a corresponding fi tting in the fuselage.
The tube could be fabricated as twins by winding an elliptical toroid , which
when cut in halve s would g ive tubes for  two landing gea r s .  Toroid winding is
within c u r r e n t  technology, requir ing only the development of a new filament-
winding machine .  This approach reduced the size and complexi ty of the
fuselage attachment fit t ings , eliminated the cross tube attachment, and used
longer , more optimized members .  This confi guration was found to be an
excellent application for  composite s and was chosen for f u r t he r  evaluation .
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Figure 21. Trailing Arm Configuration Review.
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Figure 22. Geometry of Configurations 3, 5, and 6.

The re m aining Configurations (3 , 4, and 6) were attempts to maximize
graphite usage while using existing winding machines. The shock strut  was
relocated and its length , as compared to the baseline s t ru t , was increased,
These concepts used either a rectangula r or an elli ptical cross section that
made a larger  trailing ar.n . The increase in size gave the section propert ies
needed to resist  the torsion and bending loads t r a n s f e r r e d  from the axle and
shock strut.  The steel cross tube attachment fitting used in Confi guration 1
was eliminated and the shock strut  attachment was simplified. The fabrica-
tion cost for these configurati ons was minimized by using cur rent equi pment
to WFW the arm as a twin. Configuration 6 was chosen for fur ther  evaluation
because of its lowe r weight resulting from simplification of the cross  tube ,
shock strut ,  and axle attachments.
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CONCEPT SELECTION

This task evaluated Configura t ions 1, 5, and 6 in more detail by compar ing
weight d i f f e r ences  and other pe r t inen t  pa ramete rs  with the basel ine meta l
gear . Each concept used WFW graph i te -epoxy  as the s t r u c t u r a l  ma te r i a l  fo r
the cross  tube and t ra i l ing  a r m,  The detailed wei ght calculat ions in Appen-
dix F are summar ized  in Table 7. It can be seen that Conf i gura t ions  5 and 6
are  the l ightest  and have the hi ghest  percentage of composi te  usage . These
configurations were also quantitatively rated hi ghest  in Table 8 , when com-
pared using other important  parameters .

Confi guration 5 had several  desired fea tures :

• The numbe r of a t tachment  f i tt ings  were minimized by combining the
cross tube and both t r a i l ing  arms into one curved U-shaped tube .

• Bending loads were minimized by locating the shock strut attachment
near the wheel .

• It had the lowest wei ght among  the compared  conf i gu ra t i ons.

• The tubu lar shape minimized  aerod ynamic d rag .

• Costs could be minimized by simulta neousl y windi ng the two gears
as twins .

The following disadvantages were  als o p resen t :

• The total gear , being of one part , would have to be scrapped if one
side was extensive ly damaged .

• The development of a special winding  machine  was r e q u i r e d.

• New test f ixtures were required .

This promising concept was eliminated as a contender due to the additional
cos ts needed for a new winding machine and test  f ix tures .
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TABLE 7. CONCEPT WEIGHT COMPARISON

Configuration

Components Baseline 1 5 6A

Wei ght (lb) 148.0 16 2 . 6  140 , 2** 137. 4
T ra i l ing  A r m  (2 )

% Composite 0 47 71 81

Cross Tube (1)  78. 1 5 5 . 4  ** 5 1 6

Shock Strut (2) 88.0 80. 4 96 .7 95.4

Wheel (2 ) 31 .6 26 .9  26 .9 26 .9

Miscellaneous (lb) * - 2 2 . 9  -8 .0 16.0

Wei ght (lb) 345 .7 348 . 2 255 . 8 327. 3
Total Gear

Ratio *** - 1. OX 0. 74 0. 95

uW eig ht Adjustments for changes to fuselage attachment.

**Comb ines left and ri ght trailing arms with cross tube .

***Ratio of total configuration weig ht to total baseline wei ght.

TABLE 8. CONFIGURATION EVALUATION

Cost -
______ _______ Ease of Com pos ite

Confi guration Wei ght Recur Non R Fabrication Simp licity Risk A pp lication M&R Tota l

1 1 2 3 2 1 3 1 3 16

S 4 4 1 5 4 1 4 4 27

6 3 4 4 4 3 3 4 4 29

1 Very poor 3 Fair Excellent

2 Poor 4 Good
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Figure 23. Three-View of Confi gurat ion 6.

Confi g uration 6, shown in Figu re 23 , was the composite gear that best
satisfied the program requirements .  The trai l ing arm of this  concept was
chosen for fabrication because present  winding equi pment could be used to
minimize costs. Product ion vers ions could be fabr ica ted  as twins.  The
wei ght was less than baseline and compelsite usage was maximized.

The aerod ynamic drag associated with the trai l ing arm size could be satis-
factor i ly reduced by re t rac t ing  the arm behind the fo rward  equi pment pods.
The baseline dynamic tes t  f ix tu res  were used with minor modificat ion and
the new static test f ixtures  were relatively inexpensive since their  costs
were within the scope of the program.  It was anticipated that  the data f r o m
testing would give important information concerning the impact capab ilitie s
of a graphite-epoxy gear and would validate calculated allowable bearing,
bending, and torsion s t resses .
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DESIGN

The f i r s t  task of Phase 2 began with cus tomer  approval  of Concept 6A and the
advanced c r i t e r i a  based on the 15 , 000-pound class YAH-64 baseline helicopter .
The geometry for the approved concept was similar  to baseline except for com-
ponent s ize and the location of the shock s t rut . There  was a wei ght advantage
in having the axle and shock s t ru t  at tachment at the same end of the arm . The
drawing of the trai l ing arm is in Appendix E and shows an elliptical  c ross
section with inner  and outer WFW graphite skins , honeycomb stabilized . The
skins intermesh with graphite doublers  and brooms to form fittings at each
end. The upper fitting used graphite brooms and doublers  around the cross
tube p ivot hole , with bosses and coated aluminum bearing surfaces for accurate
cross tube interface.  In the same manner , the lower fi t t ing had doublers and
bosses around the holes for  the shock strut  and wheel  axle attachment f i t t ings .
The axle hole was supported with a graphite tube bonded to the interna l surfaces
of the arm. The ground loads from the wheel loaded the arm through the axle
and were in turn  reacted by the shock s t ru t  and cross tube . The cr i t ical
stresses in the graphite arm we re bending and tors ion  in the skins and bearing
in the attachment holes .

/

The following ground rules for the design of the trailing arm were added to
those established during the concep t evaluations , because the fabrication of
one arm necessitated a more conservative approach to meet program objectives.
For instance , it was important to test the arm dynamically and statically for
bending and torsion loads without premature failure of the graphite holes in
bearing . Consequently, a means of clamping the hole ed ges to increase
bearing strength was p rov ided by the space rs and nuts shown in Figure  24
and in Drawing 416- 100 in Appendix E . This capability was to be used if
y ielding due to bearing s t resses  in the holes became a problem. The bosses
were incr .ased in size to reduce the ris k of adverse to lerance buildup . The
shock strut  and axle fittings were used sole ly to t r ans fe r  loads to the graphite
t ra i l ing arm and were not op timized for minimum wei ght. The cost of these
metal parts was substantially reduced by machining onl y areas that were
necessary to interface with the holes in the arm. The preceding changes
were minor and had no effect on the strength of the composite arm. The
weight differences were easily de termined and the objective to assess the
capabilit ies of a graphi te-epoxy gear was assured .  The expense of develop ing
a new shock strut to meet the optimized geometry  of the advanced gear was
not warranted since the efficiencies and strength of air-oil  abosrbers  are
wel lkn own.  The gear was dynamically tes ted using a combination of drop
hei ghts and weights to give ground load values comparable to the advanced
criteria and baseline gear . The amount of energy attenuation required was
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Figure 24. Composite Arm .
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provided by the baseline shock strut with an extens ion added for test fixture
attachment . The static test  of the g rap hite arm was conducted in the same
manner as the baseline gear  by us ing  a sol id tube in place of the shock s t ru t .

The geometry  compar ison  in Figure 25 , revea ls  the s imi la r i t i es  between the
advanced composite gear and baseline gear . The major  va r i a t ion  was length-
ening the shock str ut to jo in with the composi te  a rm near the axle. This
saved weight by locating two attachments in one graphite f i t t ing .  The shock
strut  location was idealized by keep ing a near -cons tan t  mechanical  advantage
( X/ R )  th roughout the gear def lect ion . Ample length for the in terna l desi gn
of the shock s t rut  was provided by keep ing a s t roke- to- length  ratio of 0 . 31 .
Minor differences in the location of the trailing arm relative to the fuselage
and wheel  we re not si g n if i c a n t  since the gear  pivot and wheel locations were
ident ica l  to basel ine . The ultimate c r a s h w o r t h i n e s s  condit ion with an outboard
side load was crit ica! for  the desi gn of the t r a i l ing  arm except for  the shock j -

s t ru t  at tachment which was cr i t ical  for  a two-wheel  landing with d r ag .  The
schematic in Figure 26 shows the composition of the arm , and Appendix D
contains the cr i t ical  desi gn loads and s t r e s s  analysis  substant ia t ing the desi gn.
Whereas the bending and torsion s t resses  established the s iz ing  for  the skins
and honeycomb, the desi gns of the upper and lower f i t t ings were  determined
by the bearing loads on the holes.  The p ly or ien tation and winding sequence
are  g iven on Drawing 416-100 in Appendix E . The graphite tow used in the
winding of the arm contained 6 , 000 fi laments and made the basic p ly thickness
for the skins and doublers 0. 0164 inch. The skins were  wound by us ing  a
two-ply layer thickness at the p ivot hole of 0. 0328 inch . This th ickness
increased l inearly to 0. 0458 inch at the axle cen te r l ine .

Each inner and outer  skin as shown in Fig u r e  26 contained two layers at a
15-degree winding ang le , one laye r at 45 degrees , and a ha l f -p ly layer at
90 deg rees .  The upper grap hite f i t t ing including the skin layers had s ix
layers at 90 degrees , four layers containing brooms with doublers , fou r
laye rs at 15 deg rees , and four layers at 45 degrees , m ak ing a total  of 18
layers. The lower graphit e epoxy fit t ing had a total of 23 layers . The f i t t ing
contained nine layers at 90 degrees , 12 laye rs at 15 degrees , and two at
45 deg rees .  The f ibe rg lass bosses comp leted the composite assembly. The
meta l attachment fittings are shown in Drawing 416-100 in Appendix E . They
were  desi gned to clamp the hole edges as well as to c a r r y  the landing loads .
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Figure 25. Geometry Comparison.
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Figure  26. C o n s t r u c t i o n  Schematic of T r a i l i n g  Arm .
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FABRICATION

The comp lete trai l ing arm assembly, as described in the design section ,
cons isted of a basic section made of grap hite-epoxy with removable metal
fittings and spacers .  The tools required for the composite fabrication were
a winding mandrel, various doubler trim templates , and shop aids for broom
winding. The plaster winding mandrel  shown in Fi gure 27 duplicated the ins ide
surf ace of the arm . Turnaround areas were  added for  the winding process by
extending the mandrel past both ends of the arm .

• The elliptical tapered shape of the trail ing arm was a deviation from the
ideal geodesic path of cylindrical shapes predominately used for filament
winding. This required close control of the winding machine in order to
minimize slippage of the graphite tows as they were wound over the mandrel.
The technique s for  winding the tows so that they lay side by side without
over lapp ing or gapp ing was developed dur ing the fabrication process .

The t ra i l ing  arm was fabricated to the process  speci f ica t ions  in Appendix C .
The sequence of operations are in Figure  28 , and the doubler , broom , and
honeycomb conf igurations are shown in Figure  29. The fabr icat ion task -‘

began by heat -forming the ny lon phenolic honeycomb to the a rm contour .

~~~~~ A
TUBE ~~~~ + A 

A-A

~ OF ROTATION / .•~~_
. /

PLASTER FORM (MOLD)

A

Figure 27. W indi ng Mand rel
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The doublers were fabricated by winding grap hi te /epoxy onto large diameter
air-inflated mandrels. The brooms were wound on shop aid type f i x tu r e s .
The doublers and brooms were then t r immed to size and held in ref r igera t ion
until  needed during the winding of the a rm.

The windin g machine and the t ra i l ing arm mandrel  were then set up and the
WFW of the graphite a rm began by using the sequence of operations shown on
Drawing 4 16 - 1 0 0  (Appendix E ) and the process specif icat ion (Appendix C).
The f i rs t  operation of the winding sequence was a short 90-degree (c i rcum-
fe ren tial) wrap at the upper and lower ends . The winding process was corn-
p leted by adding all the required doublers , brooms , and wound-in-place skin
layers . The arm was then vacuum-bagged and cured , the mandrel  removed ,
and the graphite arm rough-cut  to length . The bosses were  then added and
the total composite assembly was f in ish  cured.

The holes were then bored through the E-g lass bosses and graphite ar m.
It was found that the cutting ed ge o f a hard (C9) boring bar chi pped away,
necessitating th e use of a soft er (C2)  bar to obtain straight holes. The inside
of the holes in the E-g lass had to be li ghtly sanded to remove the protruding
ed ges of f iber .  The finished holes were of excellent quality,  both in accurac y
and surface finish. The assembly of the ste el attachment fittings , space rs ,
and nuts comp leted the s t ruc ture  shown in Figure  30.

Figure  30. Trai l ing Arm Assembly.
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TESTING

Dynamic and static test ing of the advanced composi te gear in acco rdance
with the approved test plan in A ppe ndix G was conducted at Menasco , Burbank ,
California . Menasco had tested the baseline gear and had dynamic f ixtures
that could be modified for  use on this program. A new stat ic test  f ixture  was
required because the graphi te arm was lar ~r than the baseline arm .

DYNAMIC TESTING

The dynamic test ing was conducted as outlined in the test plan in A ppendix G
by varying drop hei ght and weight unti l  the ground loads for a 10-f ps unit  and
12 , 5-f ps reserve energy  drops were achieved. Dynamic t e s t ing  was l imited
to 10 and 12 . 5 f ps in orde r to prec lude failing the trailing arm before static
testing could be completed . The dynam ic test f ixture with the grap hite a rm
installed is shown in Fi gure 31 . The large diameter  tube used as a p ivot and
arm attachment to the f ixture  is easily dist inguished.  The shock s t ru t  with
its extension can also be seen. The wheel is in close proximity to the ground
platform at the lower end of the arm assembly. Vertical  ground react ions
we re measured using r ing type load cells located between the floor and the
platform. The locations of the bending and tors ion  strain gages , as well as
the accelerometer, are il lustrated in Figure 32 .

Prior to tes t ing,  all the internal  spacers we re ti ghtened to a snug fit  with
the internal  bosses . The torque was set at 120 foot -pounds  for  the external
nuts at the axle and shock strut  f i t t i ng .  One hundred f i f ty  foot - pounds of
torque was used for the external  nuts at the pivot . These low to rque  values
gave minimal  clamping to the hole ed ges , and provided a snug fit  between the
nut and the bosses . The torque value s we re unchanged  af te r  dynamic  t e s t ing ,
indicating no y ielding of the composite mater ia ls .  The dynamic  test  was
completed using six impacts to g ive the loads and data presented  in Table 9.
The graphite arm resisted, without y ielding or fa i lure , the dynamic test loads
which were 88 percent of the ultimate ver t ica l  th ree-po in t  crash load of the
advanced desi gn cr i ter ia .  The loads were  limited to 88 pe rcent  in orde r to
preclude failing P~e arm before static t e s t i ng  was conducted . The loads m di-

• cated by the bending and tors ion s t rain gages , which we re recorded fo r  possi-
ble correlat ion with actual p latform loads , gave poor results and were
disregarded.  The net result  was that the g raphite arm demonst ra ted  its abi l i ty
to withstand the hi gh impacts associated with an advanced landing gear .

STATIC TESTING

Static tes t ing  was conducted in accordance  with the tes t  p lan in A ppendix G .
The following data was recorded to determine the capabili t ies of the grap hi te
trailing arm.
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Figure  31 . Dynamic Test Setup.
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Figure 32 . Location of Strain Gages and Accelerometer .
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TABLE 9, DYNAMIC TEST DATA

Menasco Drop Number

4 6

Aircra.ft Weight, lb 13,950 13,950

Drop Wei ght , lb 5, 110/5 ,250 5,610/5 ,460
(Actual! Calculated)

Aircraf t  Attitude 3-Point 3-Point

Ti re  Pressure, psig 105 105

Strut  Pressure, psi g 757 757

Wheel Speed Zero Zero

Ji g Velocity, f ps 9. 1 10 .9

Vertical Platform Load, lb 21 , 000 34, 800

Accelerometer, g 7. 2 9. 8

Uppe r Strut Stroke , in . 2 .31 2 . 5 6

Mass Displacement, in. 9 .90 11 .75

Bending - U ppe r , lb (Channel 3)* 19 , 100 27 , 500

Torque , lb (Channel 4)* 33, 200 50, 200

Bending - Lower, lb (Channel 5)* 22 , 200 33, 500

*Maximum indicated loads app lied at the wheel as calculated from stat ic
load calibrations.
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• In c r e m e n t a l  loads and def lec t ions

• Permanent set at limit load

• Ul t ima te  s t r e n g t h  and mode of fa i lu re

The test setup in Figure 33 shows the  t r a i l i n g  a rm  and shock s t r u t  ly ing on
one side. The pivot and the s t r u t  are a t tached  to a tes t  f i tt ing  bolted to the
test frame. Vert ical  loads , PV, and lateral  loads , P5, were  app lied as located
in Fi gure  D-l , A ppe ndix D, by two h y draul ic  j a c k s .  Hy draul ic  p r e s s u r e  was
supplied to the jacks by an e lec t r ic  pump.  The locations of the deflection
measu remen t s  associated with t he se  loads are also shown.  Pr ior  to loading
the a rm , the torque for  each nut was set at the values used fo r  dynamic
tes t ing .  The gear was tes ted  for  a two-whee l  landing condit i  wi th an
outboard side load. The deflect ions we re measured  relative to the axle and
wheel center  line with the arm in the ful l y extended posit ion.  The loads were
app lied in two tes ts . The f i r s t  s tat ic  test was to limit load and r e t u r n  to
10 percent load for permanent set readings. The permanent  set read ings
we re made at 10 pe rcent  load rathe r than  ze ro  in orde r to e l iminate  sli g ht
movements  due to looseness  in the bolted j o i n t s .  The data showed no perma-
nent set at a limit load.
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Fi gure 33 . Static Tes t  Setup.

78

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - --_—~~~~~~~~



__

~~

__

~~~~~I~
--- II ~

--
-

The second test took the arm incre mentally to failure which occurred just
prior  to record ing the str ains and deflect ions at 2 . 1 times limit load. The
fai led arm shown in Figure 34 had pr imarily a compressive failure with
to r sion in the skins located 14 in ches be low the pivot. The straight line load
deflection curve plotted in A ppendix G shows no yielding up to failure . The
graphite holes with minimal clamping of the edges showed no yielding or
cracking when examined after the test. Howeve r, the boss that provided a
flat surface for the shock strut had a crack extending through the resin and
chopped fi ber , but it did not extend to the graphite arm. This was con-
sidered a secondary type failure that did not affect the strength of the graphi te
arm and could be alleviated by desi gning a smaller boss using woven material

• with a hi gher fibe r volume .

Subsequent to the test , the arm was cut in half lengthwise as shown in
Figure 35 . This allowed thickness, specific gravity, and f ibe r volume sam-
ples to be taken at the failed section . Visually, the inner skins appeared
thicker than the oute r skins . The general appearance showed a structure
completely cured with no additional unbonded or faile d areas.

The loads applied to the trailing arm during the static test at the locations
in Figure D-1 are compared with the critical desi gn loads in Table D-l . The
arm was generally designed for a three-point crash landing with an outboard
side load. The shock strut attachment, the only except ion , was cr it ical for
a two-point landing condition with drag. The statically app lied loads and
the design loads at the failed section in Figure 36 are compared in Table 10 .
The inne r skin was 23 percent thicke r than drawing requirements. This was
due to the overlapping of the graphite tows when they were wound onto. the
mandrel. The shape and tape r of the arm accentuates this problem by
causing difficulty in matching the edges of each tow . However , improvement
was made during fabrication in that the last skin wound , the outer skin , was
only 7 percent over drawing requirements for thickness. It normally takes
more than one part to completely so lve these problems , thus the next skin
would be closer to th e requirement s . This small deviat ion did not adver sely
affect the program results. The fiber content at 55 pe rce nt was 5 percent
hi gher than anticipated. The specific gravity of 1.46 showed a dense compos -
ite with 1.3 percent voids .

Further evaluation of the static test , taking into account the extra load capa-
bilities due to the increased skin thickness and fiber volume , showed the arm
had an adjusted marg in of 11.4 percent. The initial desi gn of the failed
section at point “a 1 in Figur e 36 had a compressive st ress

892 , 000 x 5. 2 39 , 770 .
= 

1 39 . 1 
— 

9. 14 = 28 , 995 psi
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Figure 34 . Static Failure.
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Figure  35 . Trailing Arm Sections .
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Figure 36 . Section at Failure Location.

TABLE 10. APPLIED VERSUS DESIGN LOADS AT FAILE D SECTIO N

A pplied Desi gn

ULT Axial, 
~ A 

55 , 940 lb 39,770 lb

ULT Late ral Moment, Mx 1, 146, 000 in. -lb 892 , 000 in, -lb

ULT Vertical Moment, M~ 146 , 200 in. -lb 115 , 800 in. -lb

ULT Torque , T 550 , 000 in. -lb 368 , 400 in . -lb

Skin Thickness, to 0.126 in. 0.1174 in.

Skin Thickness, 4 0.145 in. 0.1174 in.

Skin Area 10 . 51 in. 2 9, 14 in. 2

‘xx 158 . 5 in. 4 139. 1 in . 4

226 .5 in. 4 19 8. 3 in. 4

j  348 . 0 in. 4 305. 0 in. 4

Fiber Volume, Percent 55 50
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— The tested desi gn had a compressive stress

1, 146, 000 x 5.2 55, 940

~c 
= 158 , 5 10 . 51 = 32 , 300 psi

The trailing arm as desi gned, had an excessive s trength of

32,  3 0 0
M

5 ~~9, ooo - 1 x 100 = 11 .4 percent

The thickness of the graphite skins and end fitt ings could therefore be reduced
11 .4 percent . The maximum bearing stress experienced was due to a result-
ant load on the shock itrut and equaled

107, 000
fb r = 3 x 0. 78 = 45 , 700 psi

The vertical stiffness or spring rate of the graphit e arm was 2 .4 times that
of the baseline gear. This allowed more f use lage def lection to st roke  the
shock strut rather than to deflect the arm . This made a mo re efficient energy -
absorbing gear .

A redesign of the trailing arm was conducted using the information gained
from testing . The thickness of the uppe r graphite fitting was reduced to 0. 60
on the s ides with the hole and to 0 .4 5 on the othe r sides . The skins we re
reduced 11 pe rcent in thickness and the ends were chamfered in ei ght places .
The f inal desi gn is sh own in Figure 37 and the wei ght calculations are pre-
sented in A ppendix F. The final weight summary in Table 11, when compared
to bas eline wei ghts and Confi guration 6A wei ghts in Table 7 , show s an overall
7-percent  weight decrease for the gear with an 11-percent  decrease for the
trailing arm . The wei ght s f or the shock s t ru t , cross tube , and wheel were
those used du r ing the co ncept comparisons.

Subsequent to testing, a cost analysis resu lted iii showing the WFW process
to be cos t-e f fec t ive  for fabricating the prototype composite landing gear arm
since the $25 , 000 cost of the compos it e arm was 63 perce nt less than the
cost of its metal counterpart .
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TABLE 11 . WEIGHT SUMMARY

Baseline Confi guration Final Design
Component Wei ght (lb ) 6A Wei ght (lb ) Wei ght (ib )

Trailing Arm (2) 148 .0 137. 4 132 . 8

Cross Tube (1) 78.1 ~1.6 51 .6

Shock Strut (2) 88.0 95.4 95.4

Wheel  (2) 31 . 6 26 .9  26 .9

Miscellaneous * - 16 .0 16 .0

Total Gear 345 .7 327. 3 322 .7

*Wei ght adjustment for changes to fuselage attachments.
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CONCLUSIONS

Based on the results  of this ef for t , it is concluded that:

1 . The primary objectives of the program were satisfied.

a~ The desi gn cr i ter ia  for a hi gh-energy-absorb ing  landing gear were
established.

b. An advanced structural material and desi gn tech niques to satisf y
the structural and functio’-ial requirements for this gear were
selected.

c. A wheel-type helicopter landing gear was desi gned, fabr icated, and
laboratory tested.

d. The test results were evaluated against the desi gn cri teria.

2 . A composi te gear is lighte r than the baseline steel gear; by 7 percent
using present WFW equipment and by an estimated 26 percent  if a
toroidal winding machine were developed and used for fabrication.

3. Graphite epox y is a practical landing gear structural material , with
capabilities amply demonstrated by withstanding the dynamic and static
loads associated with an advan,.ed hi gh-energy-absorb ing  gear .

4 . Thornel 300 graphite is a more cost-effective landing gear material
than steel. It will be more cos t effec tive than other industry-establ ished
fibers when graphite costs are reduced .

5. WFW can be used to cost effectively fabricate tapered landing gear com-
ponent s with noncir cula r c ross sections .

6. A stiffe r gear can be desi gned using composi tes . This improve s the
energy absor ptio n of th e ge ar by allowing more fuselage deflection to
actuate the shock strut  versus deflecting the trailing arm .

7. Grap hite epoxy structures have linear load-deflection curves showing
— virtually no yielding prior to failure.

8. The MIL-STD- 1290 vertical crash landing requirement  of 42 feet per
second increases fuselage wei ght by approximatel y 1.46 percent  of gross
weight. This wei ght increase is considered to be accep tab le in relat ion
to the possible cost savings due to inc reased c rashworthiness.
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9. The landing gear in general can improve autorotation safety by making
available 25 percent more energy attenuation to arrest  vertical descent .

10. The ability of the landing gear to absorb energy inherently increases
as helicopter g ross wei ght increases , s ince ground clear ances inc rease
concordantly with aircraft  size. There f ore , helicopter vertical
ground contact velocitie s for crash should inc rease as gros s weight
increases.

11 . WFW , a composi te trailing arm for prototype fabrication , proved to
be more cost eff ect ive than machini ng a stee l gear. The composite
arm cost 63 percent less than the metal arm .
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RECOMMENDATIONS

It is recommended that :

1. A design study be initiated to investi gate the practicality of developinga toroid winding machine capable of fabr ica t ing  large landing gear corn-
ponents in order to realize weight savings in the order of 26 percent .

2 . A graphite epoxy hi gh_ energy_ absorbing landing gear be desi gned ,fabricated, and installed on 10 airframes of an advanced helicopter inorder to demonstrate composite capabilities under service conditions .
3. M.tL-STD-129o crash criteria be reviewed with regard to vary ingvertical crash velocities relative to helicopter gross wei ght , in orde rto make use of the greater ground clearances inherent ly associatedwith the larger helicopter .

4 . MIL-STD-l29o criteria be reviewed with regard to requiring the mainrotor blades as well as the fuselage to be fli ghtworthy at 20 feet persecond or higher ground contact ve locities .
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APPENDIX A

LAND ING GEAR STRUCTURAL REQUIREMENTS

TABLE A- i . LANDING GEAR S T R U C T U R A L  REQUIREMENTS

Total
Ground Ground Load Per Main Wheel (ib )
Load Load

Condition Factor (ib) Vertical Drag ® Side 
~~

1 3-Point Landing 3.0 41 , 850 2 1, 305 0 0

la 3-Point Landing With 
3.0 41, 850 22, 080 5,520 0

25% Drag

2 Level 2-Wheel Landing 2.8 39, 060 21, 970 0 0

Za Level Z-Wheel Landing 
2.8 39,060 21,970 5,490 0

3 & One Main Wheel Landing Same as 2 and Za
3a With and Without Drag — — respectively

4 Tail Wheel First ® — — — 0 0

Tail Wheel First — — — 0 0
With Obstructj .on

~ 
Level 2-Wheel Landing 2.8 39,060 21,970 10,980 ®
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TABLE A-i . LANDING GEAR STRUCTURAL REQUIREMENTS (CONT )

Total
Ground Ground Load Per Main Wheel (ib)

Load Load
Condition Factor (ib) Vertical Drag ® Side ®

Taxiing (Braked Roll)
6 2-Wheel; 1.0 17, 400 9, 790 7 , 830 0

MAGW = 17 , 400 lb

Taxiing, Reverse Braking, - 6 3407 Static Oleo; 1.0 17, 400 7 , 930 ‘ 0

— 

MAGW = 17, 400 l b®  C

Crashworthiness Ultimate 5. 558 Failure Loads © ® ULT 77 , 420 39, 410 16, 47 0 B

NOTES:

® Condition 1 was used conservatively for vertical tail load since it
was greater than the load obtained by using effective mass.

® Load acts in any horizontal di rection.

© Positive drag load acts aft.

© A pply side loads at ground.

® A pply drag load at axle (with the exception of braking).
A pply drag brake load at the ground.

GW 13, 950 lb for all conditions except 6 and 7. For Conditions 6
and 7 , GW = 17 , 400 (maximum alternate GW).

© Ultimate loads for strength only (maximum impact loads not to
exceed 90 percent of these values).

® Vertical/ drag load combinations will not produce a larger shock
strut load than produced by a ve rtical wheel load at a ground load
factor of 5. 55.

Loads apply throug h entire stroke from fully extended to c rash
position . The relief valve located in the ole o is set to operate so
that a maximum ground load factor of 5 . 00 is achieved. For the
setting of this valve, the cg shall be assumed to be on the centerline
of the aircraft .
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APPENDIX B

LAN DING GEAR SPECIFICATIONS

SPECIFICATIONS

Milita ry

MIL-P- 116E Preservation , Me thod of

M IL-W- 5OI 31-I Wheel and Brake Assemblie s , Aircraft

M IL-T-504 1F Tire , Pneumatic , Aircraf t

MIL-W-5086 Wire , E1ec t ric~ Hookup and Interconnecting
Polyvinyl Chloride - Insulation , Nylon Jacket ,
Tin Coated Copper Conductor , 600 Volt ,
150°C

/

IvIIL-B-5O87B Bonding, Elect rical and Lightning Protec tion
for Aerospace Systems

MIL-W-5088E Wiring, Aircraf t , Installation of

MIL-E-5400N Electronic Equipment , Airborne , General
Specification for

MIL- C- 5503C Cylinder , Aeronautical, Hydraulic Actuating,
Gener al Requirements for

IvIIL-H-5606C Hydraulic Fluid , Petroleum Base; Aircraft,
Missile , and Ordnance

MIL- E- 6051 D Electromagnetic Compatibility Requirements
Systems

MIL-E-7080B Electrical Equi pment , Aircraft , Sele ction
and Installation of

MIL-I-8500C Interchangeability and Replaceability .f
Component Parts for Aerospace VehiLles
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MIL- L-8552C Landing Gear , A i r c r a f t , Shock Abso rbe r
(Air-Oil Type)

MIL-B-8584C Brake Sys tems , Wheel A i r cr a f t , Desi gn of

MIL-P-8651B Plates; Identification and Modification
(for Aircraft), Installation of

MIL-S-8698 Structural Design Requirements , Helicopter

MIL-H-8775C Hydraulic Systems Components, Aircraft and
Missiles , General Specifications for

MIL-A-008862A Airplane Strength and Ri gidit y, Landing and
Ground Handling Loads

MIL-Q-9858A Quality Program Requirements

MIL—W-16878D Wire , Electrical, Insulated , High Tempera-
ture

/

MIL-W-81044/4A Wire, Electric Crosslinked Polyalkene
Insulated Tin Coated Copper , Light Wei ght

STANDARDS

Military

M IL-STD-129E Marking and Shipment for Storage

MIL-STD-130D Identification Marking of U .S . Mili ta ry
Property

MIL-STD-143B Standards and Specifications , Order of Pre-
cedence for Selection of

MIL-STD-454C Standard General Requirements for Electronic
Equipment

MIL-STD-461 A Electromagnetic Interference Characteristics
Requirement s for Equipment , Subsystem and
System
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MIL-STD—704A Electrical Power, Aircraft, Characteristics
and Utilization of

MIL-STD-805 Towing Fittings and Provisions for Fixed
Wing Ai rc ra f t  Desi gn , Requirements  for

MIL-STD-809 Adap te r , A i r c r a f t , Jacking Point , Design
and Installation of

MIL-STD-810B Environmental  Test Methods

MIL-STD- 1 367 Packag ing, Handling, Store and Transpo rta-
bility Program Requi rements  for Syste m
and Equipment

MIL-STD-1290 Light Fixed and Rotary Wing Aircraf t
Crashworth iness

MIL-STD-l472A Human Eng ineering Design Crite r ia  fo r
Mil i tary Sys tems , Equipment and Facilities

OTHER PU B LICATIONS

ADS-13 Material , Processes  and Parts

AMCP 706-2 03  Eng ineering Desi gn Handbook , Helicopte r s ,
Part III , Qualification Assurance

AR 70-38 R e s e a r c h , Development , Test and Evaluation
of Material for Extreme Climatic Conditions

MIL-HDBK-5B Metallic Mater ia ls  and Elements for Aero-
space Vehicle Structures

SC-5 180-99-CL-AOl Tool Kit , Ai rcraf t  Mechanic ’ s , General

TR 7 1-22 , USAAMRDL Crash Survival Design Guide

I
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APPENDIX C :~
PROCESS SPECIFICATIONS

RESINS, EPOXY, FILAMENT WINDING, FOR S T R U C TU R A L  APPLICATION5

SCOPE

1. 1 Scope. This specification covers the requirements for  epoxy resins
used in fabr icat ing f iber  based , s t ructural  composite parts  b y filament
winding methods.

1. 2 Classif icat ion.  The res in  shall  be furnished in the following type s and forms ,
as specified:

a. Type I. Liquid epoxy resin with a specified hardener , general purpose.

b. Type II. Modified liquid epoxy resin wi th a specified hardener , high
impact strength.

2. APPLICABLE DOCUMENTS

2. 1 The fol lowing documents form a part of this specification to the extent specified
herein . In case of conflict between these documents and this specification , the
requirement s of this speci fication shall prevail . In case of conflict between the
requi reme nts of this specification and the requirement s of applicable engineering —

drawings , the eng ineering drawing shall prevail .

Specifications

Federal

PPP-C-96 Cans , Me tal , 28 Gage and Lighter

Military

MIL-1-I-5606 Hydraulic Fluid , Petroleum Base , Aircraft  Missile and
Ordnance

MIL-H-5624 Turbine Fuel , Aviation Grades JP-4 and JP-5

MIL-L-7808 Lubricating Oil , Aircra ft Turbine Eng ine , Synthetic Base

MIL-C- 9084 Cloth , Glass , Finished , for Pol ye ster Resin Laminates
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Standards

Federal

Fed Test Method Plastic: Method of Testing
Std No, 406 (ASTM)

A S T M - D  785-65 Rockwell Hardness Measurement

ASTM-D 445- 65 Kinematic Viscosity Measu rement

Military

MIL-STD- 12 9 Marking for Shipment and Storage by Attributes

Others

The Society of the
Plastics I ndustry , Inc. Thermoset t ing Resin Form ulators Division

(TRF)

3. R E QU I R E M E N T S

3. 1 Preproduction. The resin furnished under this specification shall be a
product which has been subjected to and has passed the preproduction
inspection specified herein and in Table I.

3. 1. 1 One-Year Weathering Data. As part of the qualification requirements, the
supplier shall submit certif ied data to Materials, Processes and Standards
Department of Hug hes Helicopters,  showing that a glass clo th based plastic
laminate , fabr icated as specified in 4. 4. 1 from the type of resin to be
furnished under this specification , has been exposed to outdoor weathering
in accordance with 4. 5. 5 for a period of one year and has subsequently
met the requirements of Table 11. The data shall identif y the geographica l
location in which the outdoor weathering was accomp lished.

3. 2 Materials.  The materials  used in the manufacture of the resin shall be
of hi gh quality and as specified herei n. Type I resin shall be an epoxy,
thermoset t ing,  low pressu re laminating. Type II resin shall be a Carboxy
Terminated Butadiene Acry lonitrile modification ( CTBN)  or equivalent of
therrnosettin g epoxy resin. CTBN modification in the thermosetting epoxy
resin shall be between 6 to 15 percent.
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TABLE C-i . PHYSICAL AND R E A C T I V E  PROPERTIE S OF
LIQUID RESINS/ H A R D E N E R  SYSTEMS

R e q u i r e m e n t s  F c d_ St d ~~4 O ( - :
P r o p e r t y  (T ype I and  Type II ) T~~st M~- t h o i

Viscos i ty  in cps ( N5 /m
2 ) 500 to 2000 (0. 5 to 2)  ~ Ri  1-7-I

- A S I  M-L ) 445-  £~75° ±
~~~

°
~~

‘ ( 2 4 °  ±3 C)

Pot life - 1 lb (450 ±25 g r a m s )  of mixed  4 to 6 hour s TRF 13-74

r e s i n  with a s p e c i f i e d  h a r d e n e r  ~ s t a n d a r d  \ let h-o o A

conditions - m i n i m u m

Laminat ing  l i fe  - 1 lb 4~~0 ±25 g r a m s) ot
mixed  res in . V i s c o s i t y  of r e s i n  mix to
rea h 5. 000 to H) , 000 (5 to 10 N51 m 2 )

~ 30’ to 40 ’F (0 °  t o  5° C )  2 weeks
-~~ 40 ’ to  60 °F (~ ° to  15 ° C)  1 w e e k
a 60° to 9 0°F  ( 1 5 °  to 32 °C)  48 hou r s

Wetting c h a r a c t e r i s t i c s  Wets  g lass c lo th  or f i b e r  V i sua l
to r e n d e r  it t r a n s p a r e n t

Gel t ime

@ 150°F ± 10 ° F  (6 5°  ± 6 °C )  1 to 2 hours  T RE  2 - 7 4
(No  t h e r m a l  s t r e s s )

Gel t ime

@ Ambien t  condit ions , m i n i m u m  72 hours  T R F  2 - 74

Cure  t ime  M a n u f a c t u r e r

@ 150° ± 1 0°F  (65°  ± 6°C)  4 to 6 hours  supp lied

@ 250 °  ± 1 0 ° F  ( 1 2 1°  ± 6 ° C )  4 to 6 hours  
tn f o r m a tio n

@ 300 ° ± l0~ F (149 °  ±6°C)  2 to 3 hours
Post cure  @ 350-400° F (177 to 2 0 5 ° C)  4 hours  to achieve maximum

heat  d is tor tion  and mechani-
cal p roper t i e s

Physica l  P rope rt i e s  of Cured  Resin  With A ppropr ia te  H a r d e n e r s

Tensi le  s t rength, psi (MPa) ,  mm 12, 000 (83)  Fed-Std Method
No. 1011

Flexural  modulus , psi x i o 6, (MPa)  mm 0.5  (3447) Fed-Std Method
No. 103 1

Elongation,  ~7 2% (T ype I )  • 5° u (T ype 11)

Barcol  ha rdnes s / sho re  D hardness  70 min imu m / 7 0  A STM-D 785-65

Heat  distortion temp 200°F minimum (90 ° C) TRF 17-74

*Except as noted

108 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
:~~~~



~ 

~ TI

TABLE C-2 . MECHA NICAL A N D  PHYSICAL PROPERTIES OF
GLASS CLOTH BASE LAMINATES - WE T  L A Y U P

Test Method

/ Fed-Std
R e q u i r e m e n t s  ( Method No. 406

P r o p e r ty  (T ype I and Type II) \ Except  As N o t e d

B arco l  h a r d n e s s , m m / s h o r e  D ha rdnes s  70/  ASTM-D 785-65

Tensi le  s t r e n g t h, mm , psi and tensi le  48 , 000 ( 3 3 1 )  1011
modu lus  x 10 6. psi , m m .  ( MP a )  3. 2 ( 2 2 0 6 4 )

F~ e x u r al  s t r e n g t h, dry ,  m m ,  psi  ( M P a )  75 , 000 ( 5 1 7 )  1031

F l e x u r al  modulus of e las t ic i ty ,  3 . 2  ( 2 2 0 6 4 )  1031
m m .  10 6, psi , ( M P a )

W a t e r  absorp t ion, 24 hours , 0. 5 max 7031
i m m e r s i o n, % change in wei ght ,
t e s t ed  wet ( see  4. 5. 2)

F lexura l  s t r e n g t h, wet,  mm , psi (MPa)  65, 000 (448~ 1031
(4.5. 2)

F l exu ra l  modulus,  wet , mm , 10 6, psi 3. 2 (22064)  1031
(M pa) (4 . 5. 2 )

Tensile s t reng th  and tensi le  modu lus  45 , 000 and 3 . 0  1011
x 106, rr iin , psi (M pa) wet (4 . 5. 2) (310 and 20685)

Teated Af t e r  I m m e r s i o n  in Chemica l  Fluids (See 4. 5. 4)

MIL- !-1-5606 hydrau l i c  fluid

MIL-L-7808 lubr ica t ing  f lu id

M I L - H -562 4  jet  f u e l s

Percent  change in wei ght 0 .2  max 7011
( inc rease  or dec rease )  a f te r
immers ion  in above fluids

Flexural s t rength. m m ,  psi, af ter  10% change max 103 1
immers ion  in above fluids

Tes ted  at 160° ±5° F (71° ±3°C) Af t e r  Exposure to 160° ±5° F (71°  ±3°C) f o r  24 Hours  (4. 5. 3)

Flexural  and tensile propert ies  10% max change 1011 and 103 1
f rom the orig inal

Tested a f te r  1 year of outdoor w e a t h e r i n g  (see 4. 5. 5). No more  than  10% change mechani-
cal and physical  p roper t ies  afte r 1 year  outdoor weather ing.
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3. 2. 1 Hardener. Type I and II resins shall be formulated with appropriate
ha rdeners to achieve the maximum properties specified in Table I
and Table II.

3.2. 2 Mechanical and Physical Properties of the Laminate. For both Type I
and Type II resins , the mechanical and physical propertie s of a glass

• cloth based plastic laminate, fabrica ted as specified in 4. 4. 1 , shall
conform to the r equirement s listed in Table II.

4. QU ALiTY ASSURANCE PROVISIONS

• 4. 1 Responsibility for Inspection. Unless otherwise specified in the
contract or purchase order, the supplier is responsible for the
performance of all inspection requirement s as specified herein.
Except as otherwise specified , the supplier may utilize his own
facilities or any commercial laboratory acceptable to the MP&S
Department of Hughes Helicopters. HH reserves the right to perform
any of the inspections set forth in the specification where s ch inspec-
tions are deemed necessary to assure supplies and services coniorm
to p r e s c r i b e d  requ irements .

4. 2 Classifica tion of Tests. The tes ts performed under this specification
shall be of the following classifications:

a. Qualifications Tests
b. Acceptance Tests

4.2. 1 Qualification Tests. The qualification tests shall consist of all the
requirements of this specification.

4. 2. 2 Acceptance Tests. The acceptance tests are performed to assure the
conformance of the material to the specifi cation requirements and shall
consist of the following te sts:

a. Viscosity
b. Pot life
c. Gel time and peak exotherm
d. Barcol hardness /shore hardness on neat resin

• 4. 3 Sampling for Quality Conformance Inspection

4. 3. 1 Lot. A lot shall consist of all the resin of one code number m anufactured
in one continuous operation and subjected to all inspection at one time .
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4. 3. 2 One gallon of liquid resin with appropriate hardener for each type shall

be selec ted at random from each lot. An approved instruction sheet,
preferabl y adherent to the container , with the following info rmation
shall be provided with all products.

a. Type of resin and number of HH material specif ication

b. Mixing ratio of resin and hardener

c. Maximum usable storage life of the unactivated and activated
resin and recommended storage conditions

4. 4 Laminate Preparation for Mechanical Properties - Wet  Lay Up

4. 4. 1 The laminate sample for mechanical and physical properties test shall be
fabricated in the form of a sheet or sheets 0. 125 ±0. 010 inch in thickness,
using the resin which is under test and 12 plies, laid up parallel, of 181
glass cloth conforming to MIL-C-9084 with a finish compatible with the
resin being tested. The 181 glass fabric shall be impregnated by wet lay
up wIth 40 ±5 percent  test resin by wei ght. The sample shall be lami-
nated at 30 to 50 psi pressure and shall be fully cured in accorda nce with

• the resin supplier ’s instruction sheet. The sample shall represent best

quality workmanship and shall be tested to determine conformance to the
mechanical and physical requirements of Table II.

4. 4. 2 Rejection Cri teria.  If any sample of liquid resin or laminated sample to
• r ep resen t  the liquid resin fails to conform completely with the require-

ments of this specification, the lot of res in  represented by the sample
shall  be rejected.

4. 5 Test  Conditions

• 4. 5. 1 Standard Conditions. Liquid res in  and laminate samples shall be
conditioned and tested at an air temperature  of 75° ±5° F (24 ° ±3° C) and
relative humidity of 40-60 percent. The conditioning period prior to test
shall be 24 hours minimum.

4. 5. 2 Wet Conditions (for Mechanical and Physical  Tests) .  Specimens shall be
im m ersed for 18 to 24 hour s in boiling distilled water by Procedure E of
Method No. 7031, Fed Test Method Std No. 406. Specimens shall then
be cooled in water at 75° ±5 ° F (24° ±3° C) and t e s t ed  wet at that tempera-
ture immediately after removal from the water. In case of any question
as to validity of the test  resul ts,  specimens shall be soaked for 30 days
in distilled water  at 75° ±5°F and tested wet at that t empera ture  imme-
diately after removal from the water.  Results obtained under the later
condit ioning shall be final.

i l l
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4 . 5. 3 Exposure  to 160’ *5° F. Specimens  shall be exposed for  one-half hour
t o  a t e m p e r a t u re of 160° *5°F ( 7 1 °  ±3 ° C)  in a previousl y heated tes t
chamber  and shall t hen be tested i m m e d i a t e ly at t h e  same t e m p e r a t u r e .

4. 5. 4 Immers ion  in Chemical Fluids. Specimens shall be immersed in
chemical fluids specified in Table II. A separate set of specimens
shall be used for each fluid. The immersion procedure shall be in
accordance with Method 7011 of Fed Test Method Std No. 406 , except
that t h e  immers ion  t ime shall be 24 hours  at 75° *5° F (24° ±3°C). The
specimens shall be removed from the  fluids at the  close of exposure
period and tes ted  immediatel y.

4 .5. 5 One-Year  Outdoor Weather ing  (for  Supp lier ’ s Cert i f ied Test Data 3. 1. 1).
The laminate shall be exposed to outdoor weathering for one year in the
north tempe r ature or south temperatu~e zone on a l and rack inclined 45
degrees to the horizontal, facing the equator. The laminate shall be
turned over every  14 to 16 days. At the end of the weathering period ,
specimens shall be cut f rom the lam inate , subjected to standard condi-

tions for 96 hours and tested at standard conditions.

4.6 Test Methods

4. 6. 1 Viscosity. Viscosity of the mixed liquid epoxy resin shall be run with
a Brookfield viscometer in accordance with TRF 1-74. For more precise

• viscosity measurement , Kinematic procedure of ASTM-D 445-65 may
be followed.

4. 6. 2 Pot Life . Pot life of the mixed epoxy resin is defined as the time to
double the original viscosity and is measured by Method A of TRF 13-74.

4. 6. 3 Laminate Life. Laminate life of the mixed epoxy resin is defined as time
to  reach the viscosity of 5, 000 t o  10, 000 cpa ( 5  t o  10 NS/rn 2 ) and is
measured by Method A of TR F 13-74.

4. 6. 4 Wetting Characteristics.  This is a visual method. The g lass f iber of

• MIL-C-9084 is wetted thor oughly by standa rd shop methods with the
mixed resin system in test. The glass fiber will appear to be tran s-
parent when impregnated with the resin. Wetting characteristics of
the resin par t ly depends on the type of finish used on the glass fiber.

4. 6.5 Gel Time and Peak Exotherm. Gel time of the  mixed resin is measured
at 150° *10°F (65 ° ±6°C) and also at ambient conditions in accordance
with TRF 2-74.

4. 6. 6 Ha rdness for Cured Epoxy Compound. Hardness for cured epoxy
compound is measured by Rockwell type hardness tester in accordance
with ASTM-D 785- 65 or by Barber-Coleman (Barcol) impression tester

• by direct reading.
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4.6. 7 Mechanical and Ph ysical Properties of the Laminate. The mechanical
and physical propertie s of the laminate shall be determined in accord-
ance wi th the methods of Table 11, using specimens prepared from the
0. 125 inch thick laminate samples of 4. 4. 1.

4. 7 Records

4. 7. 1 Records pert inent  to the testing of the product shall be maintained by the
supp lier for a minimum of 3 years .  These records shall be made
available to HI-I upon request.

5. PREPARATION FOR DELIVERY

5.1 Liquid Resin and Hardener.  Theres in andthe appropriate hardner shall
be packaged as specified in the procurement documents, in 1, 5, or 55
gallon cans conforming to Type V , Class 2 , of PPP-C-96 . Cans in
accordance with PPP-C-96 shall be rust res i s tan t  coated on the exterior
in accordance with Plan B of that specification and the side seam shall
be striped with a suitable corrosion resistant coating .

5.2 Marking for Shipment

5. 2. 1 In addition to any special marking required by contract or procuring
documents, interio r packages and exterior shipping containers shall be
marked in accordance with MIL-STD-l29. The nomenclature shall
include:

RESIN, EPOXY , FILAMENT WINDI NG FOR
STRUCTURAL APPLICATIONS

Hughes Helicopters Material Specification No. HMS 16-1115 Type_
Manufacturer’s Code No. Res in: Hardener
Hughes Helicopters Purchase Order No.
Manufacturer
Batch No.: ____________________Date of Manufacture_______________
Shelf Life Expiration Date__________________________________________
Warning Hazardous Chemicals

• 6. APPROVE D PRODU CT AND VE NDOR

6. 1 Products acceptable under this specif icat ion are  listed in Hughes
Approved Vendors List 1115 .
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FILAMENT WOUND LANDING GEAR STRUT

1. APPLICATIO N

This specif icat ion def ines  mater ia ls  and processes  for fabr ica t ion
of an advanced composite landing gear a rm .

2 . APPLICABLE DOCUMENTS

2. 1 Arm assembly - main landing gear , Hug hes Helicopter (HH)
Drawing 416-100, Revision N.C.

2 . 2 Fiber Science drawing number 662-001. Winding Mandrel - Landing
Gear.

2 . 3 Hug hes Helicopters fabr icat ion of compos ite parts by filament
winding method HP- 15-53.

2 . 4  Hughe s Helicopters  fabr ica t ion  of re inforced  plastics HP-15-42 .

3. PR OCESS MATER IALS

3. 1 Thornel  300 (Grade WYP 15 1/0 6000 f i lament)  graphite roving!
epoxy. Fiber ratio = 0. 50 by volume (0. 607 by wei ght ) .

3. 2 Miller E-g lass f ibers  m ixed with APCO 2434/2340 epoxy resin!
hardener  system. Fibe r ratio = 0. 50 by wei ght.

3. 3 Syntactic Foam - Kurea A - Z O O  carbon microballoons mixed with
APCO 2434/2347 r e s in  system.  Mixing ratio to be 20 percent
by weight (20 parts  rn icroballoons , 80 parts  r e s in) .

3. 4 APCO 2434/2347 res in  system , 7 .5  ±0. 5 parts ha rdener  per
hundred parts of resin by wei ght (phr).

3. 5 APCO 2434/2340 res in  system , 27 ± 1. 0 parts hardener  per
hundred parts of resin by wei ght (phr).

• 3 .6  Honeycomb core , H R H - lO - 3/ 1 6 - 6#  (1/2 - inch  thick)  AMS - 3711 .
(Heatformed)

3.7 Mold release , “Part-All  #10° , Rexco. Polyvinyl alcohol (PVA
emulsion or equivalent.
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3. 8 Mold wax “Mirror Glaze” or equivalent.

3.9  Mold release mix ture , °Plastilease 334” and “Ram 225” , Ram
Chemica l  Company.

3. 10 HRH 10/OX- 3/ 16-3# (1/2-inch thick) nomex. (Flexible )

3. 11 Carbon microballon Kurea A-ZOO.

3. 12 Shop aid materials .

• 4 . PURCHASED PARTS

• (None )

5. TOOLING

5. 1 503-152 Mandrel , Spar Cap.

5. 2 662-101 Winding Mandrel , Strut per Loft Line SK 12376.

5 .3  503-156 Double r Templates.

5 .4  503-106 Resin App licator.

• 5. 5 503-165 Resin Impregnator.

5. 6 503-167 Resin Squeeze Roll Assembly.

5 . 7  503-171 Longo Resin Bath .

6 . STRUT MANDREL PREPARATION

6. 1 App ly Mirror Glaze mold wax and buff.

6. 2 App ly Ram 225/Plasti lease 334 ve ry  sli ghtly (blend equal parts by
wei ght) .

6. 3 Spray mold with PVA and cure at room temperature until tack free.

6 .4  Establish tooling points on mandrel per Drawin g 662- 101 . Drill
• hole through plaster and metal tube of mandrel and emplace

1/8-inch diameter dowe l pins at boss centers .
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6. 5 Establish reference station on large end of mandrel  30 inches
from large end template . Make permanent  m a r k  on mandre l  shaft .

7. HONEYCOMB CORE PREPARAT IO N

7. 1 Tr im p ieces on mandrel  to fit s t rut  mandrel per HH Drawing 416-100.

7. 2 Us ing  (3. 10) Nomex honeycomb 1/2- inch  thick , cut 3-inch wed ge
sections to provide taper at end of honeycomb per HH Drawing
416-100 .

8. BROOM LONGO FABRICAT ION (8 requi red)

8. 1 Mount broom longo f ixture  with release film in space groove area .

8. 2 Weigh 40-foot length s of d ry  fi lament and wet fi lament be fore
beg inning to wind par t. Dry filament wei ght to wet filament weight
ratio must be 0. 607 ±0 .03 .

8. 3 Wind the broom from graphite WYP 15-1/0 and APCO 2434/2347
resin.  Maximum winding tension should be less than 10 pound s
per band .

8.4 Wind with Thornel 300/epoxy (3.1) to fill the spaced groove on
f ix ture .

8. 5 Remove broom with release film from fixture.

8.6 Store in cold box per (10. 7).

9. DOUBLER FABRICATIO N

9. 1 Wei gh 40-foot lengths of dry fi lament and wet filament before
be ginnin g to wind part. Dry filament to wet filament wei ght rat io
should be 0. 607 ±0.03 ..

9. 2 Set up the skin winding mandrel (503-150) in winding machine
#150- 136. Tape on 1/4-inch thick x 1-inch wide wooden strips
butted together at the trim line at both the top and bottom of mandrel .
Wrap the mandrel with yellow backing film .

• 9. 3 Wind according to the table below with Thornel 300 WYP 15 and
APCO 2434/2347 resin .
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No. No .
Circuits Circuits

No . Winding Per Per Bandwidth** No.
Rovings Ang le* Pattern Layer (Inches) Layers  Length

15 ±45° 5 70 0. 63 1 Full

_______ ________ _________ _________ ____________ 

Len gth

15 ±75 ° 4 28 0. 63 1
96-Inch
Part
Len gth

*Tolerance = ±2 0

**Tolerance = ±0 . 05 inches
***Separa te from 45° winding with release film .

9. 4 Remove winding from mandrel  and tr im as required (s ee be low).

12 pieces ±45 ° Doublers - Per Template

8 p ieces ±15° Doublers - Per T emplat e

4 p ieces ±15° Test Coupons - 5-inch x 8-inch rectangle

9. 5 This part may be stored up to 48 hours at room temperature.

10. WINDING/LAYUP ASSEMBLY

10. 1 For assembly re cord , Polaroid p ict ures shou ld be made at
app ropriate assembly steps,

10. 2 Prefabricated parts shou ld be on hand .

10. 3 Using spacers to represent the inner skin thickness , locate honey-
comb on strut mandrel and final trim per HH Drawing 416- 100 .

• 10. 4 Proceed throug h the winding/ layup steps as per chart (Ref : HH 416-
100) using Thornel 300 WYP 15 1/0 , 15 rovings * at 0. 63-inch BW
allowing no gapp ing between bands at large end of mandrel .
NOTE: A sing le roving open hoop winding should be used to hold

pa rt s to mand r e l du r ing assembly.

*Except steps 2 and 24 (see chart).
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10. 5 After  completion of winding steps above , wrap  ny lon peel p ly over
part and app ly vacuum bag. ~~raw 20-inch HG vacuum over part.

10. 6 Add thermocouples at small end of s t ru t  (beyond E . O. P . )  approxi-
mately station 103 to 105. One on su r face  of mold and one in center
of windings .

11. CURING/MANDREL REMOVAL

11 . 1 Place strut  mandre l  with wound assembly and test coupons * in oven.
Cure  for eight (8) hours  at 130° ± 10°F. Then raise t empera tu re
slowly ( 2 00  to 2 5 ° F  per hour) and cure for two hours  at 1800 ±10°F.
Measure t empera tu res  at thermocouple  on mandre l  su r f ace .

11. 2 Cool part to room tempera ture

11.3 Cut through winding at large end of mandrel  29-inches f rom refe r-
enc e station .

11.4 Cut through winding at small end of mandrel  at r e f e rence  station 103 .

11. 5 Remove both winding ends and tooling pins (6 p laces).

CAUTION: Make sure  toolir.~ pins are comp letely removed .

11.6 Install extractor f ix ture  at large end and dr ive  wound strut  from
mandrel .

12. FINISHING

12. 1 Remove peel ply from outs ide of strut.

12. 2 Clean ins ide and outside strut surfaces  with hot water to remove
mold release.

12 .3  Build up bosses centered on tooling pins , both inside and outside
surface per dimensions on Drawing HH 4 16- 100. Use (3 .2 )  milled
f iber /et oxy for boss material (room temperature set).

*Vacuum to flat plate .
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12.4 Trim ends per HH 4 16-100 drawing dimensions* . Laminate end
caps of two ply sty le 1581 glass c loth with 3. 5 resin.  Vacuum bag
for curing . Use thermocouple located in part.

12.5 Perform final cure in oven for two hours at 130° ±10°F in horizontal

position. Then raise oven temperature to 1800 ±10°F for two hours .
Then cure  at 250° ±10°F for two hours .

12 . 6 Cool to room temperature.  Remove all shop aids.

13 . FINAL INSPECTIO N

13. 1 Inspect strut dimens ionally for conformance to Drawing HH 416- 100
exc luding machine surfaces and metal parts.

13. 2 Measure and record Barcol hardness on a minimum of three locations
on part . Hardness to be 55 minimum.

13.3 Wei gh and reco rd the strut wei ght .

13 .4 De live r material  samples and test coupons with strut .

*Save cut ends for material samples (13 .4)  and post cure with strut.
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APPENDIX D

TRAILING ARM STRESS ANALYSIS

DESIGN CALCULATIONS

This section of the report contains a summary of the structural analys is used
to substantiate the design of the fabricated composite trailing arm.

The landing gear strut and trailing arm loads and reactions are shown in
Figure D-l. The magnitude of the critical desi gn loads and reactions are
given in Table D-1. The test loads at which the trailing arm failed in static
tes t are also g iven for comparison purposes .

BASIC ARM ANALYSIS

The critical section for the arm is located in Figure D-l , 14 inche s below
the cross tube pivot. The cross section is similar to Fi gure 36 and has the
following propert ies:

2Cross  Sectional Area , A = 9. 14 in .

Moment of Inertia, ‘xx = 129. 1 in .
4

Distance from Neutral Axis, c = 5. 2 in .

The compressive stress , 
~~ 

= M~~C/I - PA/ A , where MX = lateral moment
and 

~~A = axial load from Table 10 .

892 , 000 x 5. 2 37 , 770 
-= 129. 1 

— - 

9. 14 = 29, 000 psi

The computed allowable s tress  30 , 300 psi

.
‘
. Marg in of Safety = M

5 = - 1  = 0.04
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H
CRITICAL LATERAL
SECTION DEFLECTION

Figure D-l . Gear Loading.

TABLE D-l . TEST AND DESIGN LOADS

Item Test Design lTltirnate

a Arm Angle - deg 45. 36 40 . 60

Vertical load (Pg) 
- lb 45 , 100 39, 070

Lateral load (P
5

) - lb 23 , 100 16 , 480

• Shock strut load (R s) - lb 90 , 270 71 , 520~’

Axial a rm load (R A ) - lb 55, 940 39 , 770

Normal arm load (R N ) - lb 10 , 440 8, 270

Arm lateral moment (M xu ) - in. -lb 1. 398 x 10 6 1. 069 x 106

• Arm torque (T u) - in, -lb 575 , 700 444 , 700

*Th e maximum design ultimate load is 104 , 500 pounds for  a two-point
landing condition with drag load.
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UPPER PIVOT STRESS ANALYSIS (Refer to Table D-l and Figure D-2)

R Mx 6
• A U 39, 770 1, 069 x 10Axial Load at P o i n t l = H 1 

1: —i— - 9 7 2  = 2 
- 

9. 72

= -90, 100 pound s

where 9. 72 is the distance between holes.

Normal Load at Point 1 = V 1 = + = 
8, 270 

+ 
444,700

= 49, 900 pounds
I I

Similarly:

Axial Load at Point 2 = H
2 = 19, 900 + 110 , 000 = 129, 900 pounds

Normal Load at Point 2 = V2 = 4, 100 - 45 , 800 = -41 , 600 po unds

Maximum bearing load is at Point 2:

2
PBR = [ H z + v 2 ]

2

~~BR [(129. 900)
2 

+ (-41 , 600) 
] 

= 136, 400 pounds

~ BR 136, 400The Bearing Stress = = 8. 27 ~ ~~. 705 = 23 , 400 psi

where D is the diameter of the hole and t is the thickness of the graphite .

124 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

• -

~~~~~~~~~~~~~~~~~~~~~~~~~~~

-

~~~~~~~~~~~~~~~~~~~~~
:- __ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



_ _ _  —- _ _ • _ _±_ _.

972 IN.

~~~~~~
RN 4 ~~~~~~~~~~~

~~
-- 

~~~~~~~~~~~~~~ v 1 Mx U

Figure D-2. Upper Pivot Loads and Reactions.

The margin of safety fo r bearing in the graphite is high when compared to
an estimated bearing stress allowable of 85, 000 psi (Reference Dl).

• PIVO T LUG ANALYSIS

The strength of the material surrounding the pivot hole at Point 2 in Fig-
• ure D-2 is analyzed at Sections A -A  and B-B shown in Figure D-3 .

Stress Analysis at Section A-A

The individual fiber propertie s at their respective orientation angles fo r a
- fiber volume ratio of 0. 5 is found in Table D-2. The combined laminate

• p ropert ie s for Section A-A using a f iber volume r atio of 0. 5 are:

EX = 11 . 0 + i o 6 
EY = 5.05 ±io 6 0 = 1.45 + 10

6

Dl
Techman , G. M., et al , ADVANCED COMPOSITE RUDDERS FOR DC-l0
AIRCRAFT DESIGN, MANUFACTURING , AND GROUND TESTS,
McDonald Doug las , Long Beach , California , NASA DR- 145068.
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Q = as sumed effect ive length of

corner 3. 6 in.
0.705
I. 

~~~~~~~~~~~~~~~~~~ 
orientation and

00 (41 . 9) ,  90° (20 . 9 ),

r”i *15° (18 . 6), ±45° (18 .6)
• SECT. A— A

Figure D-3 . Pivot Hole.
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TABLE D-2 . FIBER PROPERTIES AT THEIR RESPECTIVE
ORIENTATION ANGLES FOR A FIBER VOLUM E RATIO OF 0. 5

A Area  EX
Fiber  Ang le in .2 10 6 psi

0° 1 .063 17.25

900 0. 530 0 . 90

±15 0.472 13.79

~~ 4 50  0 . 472 1 . 9 3

Total 2 . 537

where  EX and EY are  Young ’s moduli at 0 - d e g r e e  ari d 90-degree  az imu th ,
r e spec t ive ly. C is the shear  modulus .  The laminate axial s t i f fness  at
SeC L On A - A  is AEX and is equal to

2 . 537 ~ ii . o~~io 6 
= 27 .91  x l O

b 
pounds

The max imun i  tens ion load = H 2 /2 + C1V , where  H 2 and V2 are previous ly
de t e rmined  loads for Point 2 and C 1 is the coef f ic ien t  to de te rmine  the tens ion
load induced on Section A - A  due to load V2 (Refe rence  D2 , Table VIII ,
Case 27)

.~~~. Tension Load = 
129, 900 

+ 0 . 318 (41 , 600) = 78 , 180 pounds

Gross  Ult imate Stress = 
7~~~~~ 0 

= 30 , 816 psi

Maximum s t ress  o c c u r s  in the 0 - d eg r e e  f i b e r s ;

78, 1 80 (17. 25x 10
6) 

= 48 , 320 psi
27 .91  x 10

Di
~Roark , R. J., FORM ULAS FOR STRESS AND STRAIN , Second Edition, 1943 .

ii ~
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Unnotched tension allowable of Thornel 300 grap hite fibers at 0 degree with
an epoxy matrix is equal to 162, 500 psi .

.~~. The lug notch factor would have to exceed (162, 500 /48 , 320) = 3.36 for
fai lure .

The arm was acceptable s t ruc tu ra l ly since the 3. 36 allowable notch factor
was jud ged adequate . Subsequent static test ing substantiated this analys is .

Stress Analysis at Section B-B

The approximate shear load (
~~SB) on Section B-B necessary to obtain a

uniform strain in the side of the arm at 9 inches below the pivot with D the
pivot hole diameter

/ H2\ ( D \ /129, 900\ / 8. 27
SB 

— 
\ 2 /  \D + Z Q / — 

~ 2 / \8.27 + 2 x 3.6

= 34 , 720 pounds

P 34 720Shear Stress , £ = 
~~~~~~~~~~ 

= 
9. 0 x 0. 705 ~~ ‘ 

470 psi

where A is the area at section B-B.

The allowable shear stress ? 15, 000 psi .

The Margin of Safety, Ms 
l
~~4

O
7

O
O

O 
~1 = 1.74

Desi gn of lug is structurally acceptable.

ATTACHMENT OF AXLE TO TRAILING ARM ANALYSIS

Figure D-4 shows the vertical load P~, and the side load P~ both app lied to
the wheel. The magnitude of the applied loads and the resultant loads at the
trailing arm axle are as follows:

Vertical Load , P~ = 39, 070 pounds

Side Load , 
~
‘s = 16, 480 pounds
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\ ~~~~~~ADING L.H. MOMENT RULE /~~. TRAIL ING ARM

T —‘°~°~~~
-- 

/

P~~NTA

AX L
~~

HOLE
~~~~~~~~~~~~~ M~~~

> 

- 

•

~~ ~~~~~~~~~ / 
~~TRAILING

WHEEL 61. 
ARM

/

Figure D-4. Axle Loading .

Axial Load, = 39, 070 cos 40. 6 29, 660 pounds

Normal Load , = 39, 070 sin 40 . 6 = 25 , 430 pounds

Lateral Moment, MA = (39 , 070 x 10 + 16 , 480 x 6 .8) cos 40 . 6

= 381 , 734 inch-pounds

Torque , TA = 502 , 764 sin 40.6 327 , 185 inch-pounds
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Figure D-5 shows the axle holes in the t r a il ing  a r m  with the p rev ious l y
dete rmined loads 

~~~ ~ N’ 
MA and TA posit ioned . The normal loads VLA

and VRA and the axial loads HLA and HRA react the preceding applied loads
and are  determined below .

~~N 
TA 25 , 430 327 , 200

VLA = 2 + 8. 44 2 + 8. 44 = 51 , 500 pounds

~ A M A 29, 660 381 , 700HLA = 
~~~~~~~ 

+ 8. 44 = 2 + 8. 44 
= 60 , 000 pounds

Resultant  bearing load = ~~~~~~~ 500~ + 60 , ooo 2 
= 79, 100 pounds

A 8.44 1N.

3.05 1N. D a TA

/~~~~~~~
- — —  4 1  ( ~i)HLA PS ~~~~~~~~~~ ,~/‘

V IA 
MA

V LA VRA

A ~~— 6.O IN. 
~~~~ SECT A— A

VIEW ALONG ARM Q

Figure  D-5 . Axle Hole .
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The composite  mater ial  th i ckness  of the t r a i l ing  a rm is 0 .783 inch . The
ma te r i a l  f ibe r o r ien ta t ion  and pe rcen t  of total th ickness  ~s

±1 50 (56 . 9 ), ±45° (11 . 6), and 90° (31 . 5)

Composite p roper t i e s  are

EX = 9. 3 6 x  10
6 

EY = 6. 51 x 10
6 

G = 1. 55 x 10
6

• The net section p roper t i e s  of arm at axle cen te r l ine  are

• Cross  Section Area  = 18. 20 in .
2

• Moment of Inertia , ~~~ 146 . 3 in .
4

Effec t ive  Torque Area  (A
T

) = ~~ ~

The distance from the x-x axis to point a in Figure D-5 is 4. 5 inches .

The compressive and shear stresses at point a are

29, 660 381 , 734 x 4 . 5 •

Compress ive  s tr e s s ,  
~c = 18 , 20 + 146 .3 = 13 , 371 psi

Shear s t ress , 2 ~< 54 . ~< 0 . 783 = 3, 840 psi

• The estimated allowable compressive s tress  is 66 , 000 psi  and shear s tress
is 25 , 000 psi .

The margin of safety is hi gh making the axle attachment
• 

. 

structurally acceptable

ATTACHMENT OF STRUT TO TRAILING ARM

Figure D-6 shows the shock strut attachment to the trailing arm . As shown,

it is located above the axle holes. The bear ing s t ress  in the s t ru t  attachment
• hole will be determined using the shock s t ru t  load RS from Table D-1 as the

applied load. RU and RL are reactive loads and are determined below. D is
• the diameter of the strut hole and t is the th ickness  of the gr aphite arm at the

shock strut  location .
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Figure D-6. Shock Strut Attachment.

R 5 = 104 , 500 pounds

U ppe r Reaction

(104 , 500 cos 13. 80°)  11 .90R u = = 123, 862 pounds

Lower R eaction
/

R L = 123, 862 - 101, 483 = 22 , 379 pounds

R u 1Z3~ 862
Bearing stress, 1br = Dt = 3.05 ,c 0 .783 = 51 , 865 psi

where D is hole dia and t is wall thickness

Estimated allowable bearing stress ~ 85, 000 psi (Reference D l )

85, 000
Margin of safety = 

~~~~, 865 
- 1 = 0 . 64

R~~Shearout stress, f ~~, 
~~ 2(1 1 .0 - o . 5D)t

= 123 L 862
2(1 1.0 - 0.5 x 3.05) 0.783 = 8348 psi

(conservative)

Estimated allowable shear stress = 25 , 000 psi.

25, 000
Marg in of safety = 8348 

- 1 = 1. 99

The shock strut attachment was declared structurally acceptable with the
preceding marg ins.
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APPENDIX E 
.

LAN DIN G GEAR DRAWINGS

- (HELICOPTER

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Figure E-l . Confi guration 1.
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(CROSS TUBE FITTING

H

~~~~~~~~~ SHOCK
STRUT
FITTING

STEEL
FITTING
BONDED
TO GRAPHITE

Fi gure  E-3 . Confi g u r a t i o n  18.
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Figure E-4. Configuration 2.
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140

- .— -~

~~~ __________ 
_ _ _ _ _ _  ____ _____________



____ ~~~~~~~~~~~~~~~~~ • •~~~~-- -~~~~~~~~ 
-—-- — • - - -

~~
- 

~~~~~~ • • • - • • • • • - •• -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - • - -

~~~

(- - -

~~ 

~~~~~~~~ -~~~:-  
:~~~~~~~~~

- :. ~~~~~~~~ -

- (CROSS TUBE -- -

Z ID
~ ::~~,,, ~~~ . SECTION A—A SECTION B—B GRAPHITE TUBES SECTION C—C

• .~1 I

Figure E-9. Configuration 6.

141

4L 
_ _ _ _  _ _ _  _ _ _

_________ 
_ _ _ _ _  _ _ _ _ _ _  _ _ _  ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~



frrr-::- • - • 
- ~~. : ~~~~~~.- 

..: 
- :  - - -

I ~
-
~~;‘

- 

~~~
S -  

-

~ 
I f . \ ‘ : - 

-- 
- 

-. .. •~~~~ ~~~~~~~~~~~~~~~~~~~~~~ 
• - — ic>

—— - - . - - 
SHOCK STRUT __

~~~~~~ — —

ORAPH

~~~~

ROOM

O 

~~~~~~~~~~~~~ I

\
\ 

SECtION A—A $ECTION S-~ \ -C- 

~~~ ~~~ I4~ u ioi~so. s.s L.IcU FT F L E X  CORE

/ 

I

I

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~ EL ~~~~

FISEROLASI 
~~~~~ I- ~~~~~ 

- 
~~~~~~“ 

-— I
ALUM TUSK 

. 
--

52.14 — 
TYPSOTH NOS 

-- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

NOTE: DIMENSIONS
IN INCHES .. 

- -- - _,

C~~~
.

Figure E-lO . Configuration 6A.

142

_ _  j4-. rv~~~~~~~ — - --- . - - • -~~~~~~~~~



~~IIT~~~II~T~~~~~ ITTI
W/flhN~~6 EA~~E-~~~~4ll1MG ~~~~ ~ ____ ~~p:~;:;;=~::_[~~ ERAT ON 0 ~ 94775•~ ~D a t - -  • 

—;~ 1 - . - .
~~~~~~~~~~~~~~~~~ 1~~~~MIs~ FITTrn4 g ,

“a 
-- 

‘4 ~~~~~~~~ ~ — -I
‘ —

~~~~ ~~~~~~~~~~ 
- - - -- - -

~~

‘“ '  

~) - - H -~~~
-— ~~~€i 

— 
~~~ ~~ / /

~I- - T 
~::::~ 

“i’ 

‘
I

S ~~~~ O~j9 S 90

Ei~ ii: ‘~~
+““ L - ~

‘
~
‘“iii~

;’ 
~~~
‘

i ~~~~~~~ 

‘ 

i ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~,~~
. •~~~~~ , .-.. ,.., - -

~~~~~~~~~~~~ 1~
. t OKE 

— ~_ _ t ~~~ ‘ ‘ 
/ 

- 
-, 

~

£ -If 
_ _ _ _ _ _  

I
— 

‘ 

:-- — —

~~~ LE%Th L~~~~~~~ 

* 
~~~ ~~~~~~~ 

— 

- 

— - — - = 
~~~~~~~~~

~~

‘

-, F L: ~:; ~
~~~~~~~~~~~~~~~~~~~~~~~~~~~~

a —

— ~~~, •. 
,_n —

9 6~~~~~

Figure E-l1 . Arm Assembly,
Main Landing Gear.

143

— - -

~

- - ‘ -

-
-

. 

-- - - — ---- ~~~~~~~-—-- —~~~~~~~~~~~~~~~~~~~~~~~~ -----, - --- —---~~-~~‘-~~~~~~



T T .  TI II I~~~~~~~~~~~~~~~~ TI :TTT~-

6 ~~~~~~~~~~~~~~~ I - - - - - - ~~~ - -

/ 
-. sa~ —. 

— — 4 6 4  D M Z f l  ACES

C—. 2.-..o - A D O N I S

— 
- 1~~ —. - - — — ___ - - f t  COMPOJITE AR&I

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~-4--i~ . — - / ‘ ,~~~ ‘
•0 - S - .~- _ ,._ 5.10W 50.056.

- - ~ 
~ ~~~~~ _:H- 

‘ ‘

~~

- - -~~~ 
iTU~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘

—- A C e -  01 0310 flTrIMi

Osl o ~~~ - — 
- - 

— 
— 

&. &F05 A.Na:fl.3 _,~~~., - ~~~
v— - _4,&-,a,-,Ncr

—- * I ~~~~~~~~~~~~ 1 *

/ ~~~~~~~ ~~~~~ ‘ - - 
- - - - 

- 

- 
- - - - . 

-

~~~~0 . 

- 

- .  ~~~~S M S ~~~~~~at D - •5. 

~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

: ‘:
~~~~~~~~

‘

~

‘

~~~~ -,— 1 , 

~~~ 
-~ ~~~~~~~ 

~~ 
—

- ~~_ 
_~~~ : -- 

- ‘ 
- 

- 
- , ~‘~‘- ~••/

•
j _

- - - - - , M I  O L,N3 FIQC,1 0CE C M~f l  LW .flLN - - - ~~~~~~ - - - — -
- ~~~~~~~~~~~~~~~~~~ -~~ - -  . ~~~-

- , 
- - - - - -

3 ZC T 8 8  
- 

“~~~~~ . $E C T.D D

- 5tCT~ C- C
t 2  01fl - nOD f l a T  ?A,W WECEWD 10370 S E E  N NELNI 0(05*011 (Ml?

• WE 0315.5 .D5SAE) b olt 4-~ F earns r,,,,,M6/ - ,  ~‘7

— a - 
I WS I O ET? ~SZ.SS5D *4-Sfl

-- ~ 
~~~~~

-
4~~~~~~~~~ ) 

i ~~~~ 

- — -. 
-r.1-’~ s,~~~~~~~~~ 10 63 3. 5.

I I DLII 343 NIfi YE 3334 fl

•‘

~

-“ -‘ 
~~~~~~~~~ 

— 

~~~ r - - 
TO .I 1NW AV IDE TOWPEIL -~~ 1

•.~~,.,,. .. —t .1.60 ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ nm~~i 
I!) A LL SATINS YEW WINO/NO $1515

~~~~~ —- - - -~ - -L— - • - - - - __________ (0 051 T/LONWts 3034 6~ APWlN -

Li 
8 - — 

- - - -~~~~~. ----
~

..-,~~, � _  - - - :~~- i ô~ O N C E  .. MACNIDED SCW$Cfl

- - - 
- 

as,- a, c..ssa r Cat 
-

• - -  - .
~~ 

REF 5~3 ~~~ tLfl (0 (103 WINOINIIØ

- 
4 I-NO SOL O IUS S SI3 IC vs. S

- 
_~j~ /

_ _ l

- 
— — - —--_--- 

PA SRI (An ass (51515.703 

50111 & HARDWARE 
N_ It_ - f l

C L... ryos 0,0 ~.yt,corEp RIO C3fl*WL ear n s.c-a-?
Mona - 0*5 l43 OIDt Wflt S . 1

6 
- . 5  1 - - 4 1  3

- 
-

~~~~ 
. - - - - 

— 

-—-- - —-~~-- --- .
~~~~—-—----—-~~~~~~~~~~~~~~ - - - • —  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



_______

6 4 3 4 0 5 0 5  

— - 3 1 __ _ 1_ -~~~~~~ — 

~~~~~~~~~~~~~~~~~~~~~

F151Mo3170 ARM
— a I -

- - — I a

-r o.11,ol

~: 
-
~~~~ r •~~~ ‘A , S l A~asP F

hi H
- ~- -~A ~ 

I 01 C - 301 IS ID ODYlolol

~~~~~~ 
:

‘
~t-

~~ 
10 

E

. c M l D .:st eD  iJ~4
iW1~

i
I6.tTSOS 6.61 5814630W sT) o - Ifrk~ I 

— - 
.,,

~~ 

~~~~~~C 4 I I . - /O~~- 

~~~ L~~~_L ~~~~~ ~~~~~~  - 1~4:c~- 434. lOS S NVF
D rIER LAYER 3 MO? PILL ~~~~~ 3 414. 105 .3 F 

F 
— _4 - - F

/ I 416 / 0 4 -S  3114(15. -t I V/i F
/~/ ALL SATINS PER WINO/CO. NOSENID ( 6R1 ,Z65E 6 ?  ~1 

—  — - • 1, — 
411. - ,O4 -3 sPAGrR t  

- - -

(O il TNORH,L 3034 olRAPHITE — r   
— 

li~ 
— 

4,6 - 003  TjI53 t~~~~~~~~ 
-

u SE(OR( &RQI M6~~L .51IIA7T 400 7SUAZ33 
_ _ _

.• V-cu oarow.-o SsWFACAS —i--— - 
s . — / O 1  ~~ AXL E~~~~~~~~~~~~~~~~~~ - -  —Jo - ~ WO SH E R .v.s....~asnaoajn-a- ,a-o~ ~~

SAY SE 05006430. P515 L*OIfl ( R ~ - - — - 
- ,  10455415. 

~~~~~~~~~~~~~~~~~~~ ~ !
£03 SILtS , (A /Itt 00401(04 Saot/t t 1345.26*4 6 - ?~ ~] 

— 
I 

- — 
E 

— 
-, n.s,,n

S ‘OW SOL O 36.13 a a~s~~ D58~ 314 35583?4 0 - — - - - 
-5 WA35.N ~M*.LMo4~ 0 0 i  II 156. ~O-a-UftM I°’~

- ?6.10 ~~~l 6 .  j -~~s- ........j.

I 
~j VA SlLI.(ATE a,L (OltVeS,?.S 

~~~~ 
—

~~ft I i~~~~
4 _~~~~~~ = 

AO oOW.a0000r YEW pop~ .j -, ____________ _________ __________ 543N LMVA~ SEAS 

F — — 

NOTE S 033103 OTHEROSSI sn.,n,v ~~_ = ~~__ ~~~~~~ i:~. 
~~ ‘-‘~~~ 

— 

~~~~~~~~~~~~~~



-
- - _ 

~~._~~~~~~~ F RI3 l ? T 1 0 1
I,

APP EN DIX F

WEIGHT ANALYSIS

COMPOSITE TRAILING ARM WEIGHT BR EAKDOW NJLB)

CONFIGURATION 1

Composite tube 38.0

Upper T fitting 23. 3 J -

Lower axle and nut 11.26

Shock strut fitting 8. 69

TOTAL 81.25
‘
1

CONFIGURA TION 5

Composite tube 99. 36

Axle (2) 14.80

Fuse attach fittings (2) 1~~.80

Shock strut fitting 9.20

TOTAL 140 . 16

CONFIGURA TION 6A

Composite fittings 36. 60

Skin s 13. 71

Honeycomb 2 .42

Bosses, covers, etc 2. 00

Metal fittings 14. 00

-

• . 

TOTAL 68 .73
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1

F WEIGHT ANALYSIS OF FINA L COMPOSITE TRAILING ARM (LB)

Upper fitt ing 23 . 75

Lower fitting 20 . 14

Skins 11 .33

Honeycomb 1.77

Bosses, covers, etc 2.50

Adjust for holes, etc -7.42

TOTAL, graphite arm 52 . 07

Shock strut fitting 5. 80

Axle 7.00

Hardware 1. 55 .

TOTAL, trailing arm assembly 66 . 42
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APPENDIX G • -

TEST PLA N

SCOPE : This procedure describes the plan for static and
dynamic testing of a composite landing gear trailing
arm. The static and impact loads are directly
comparable to those of the metal gear of the YAH-64
helicopter .

DOCUMENTS: HH Drawing 416-100, Arm Assembly
Figure 0-1, Basic Dimensions

EQUIPMENT: Menasco test equipment, YAH-64 shock strut plus
wheel and tire (baile d from YAH-64 program).
High speed (500 f rames/ sec)  photographic equi pment .

INSTRUMENTATION: The following gages or instruments, located on
Drawing 416-100 , shall be used.

1. Strain gages for bending, one brid ge at two
locations , to be used for dynamic and static
testing.

2 • Strain gages for torsion, one brid ge to be used
for dynamic and static testing.

3. A linear accelerometer for measuring vertical
g loads during dynamic testing.

STATIC TEST: The arm will be loaded for a two-wheel landing with
an outboard side load. All deflections will be meas-
ured relative to the axle and wheel center line in the
fully extended position.

The follow ing limit lI~ads will be applied at the wheel:

Ve rtical load = 22 , 000 lb

Outboard side loat~ = 11, 000 lb

Deflection measurements will be taken in at least
six increments between 10 and 100 percent of the
preceding loads . Upon attaining 100-percent load,

147

-
~~~ 

— - - - - - - - - - ---———-
~~-— -  -

_ 
F



I

0 —
- 

hi
1.1

+ :: BL 30.00

WL 135.20 
- 

MIN. 
-( BL 4O.00

% SHOCK ‘...______  ____

STRUT PLAN VIEW

355~ 
KNEELING

\ \ N POSITION

\\ \ 
63.091 LONG

\ \ SHOCK STRUT

FE 
4 01#’(EXTENDED YAH64)

74.251 LONG’

-~~ COMP
— 70.621 LONG

SIDE VIEW

~~~~~~~~~~~~~~~~~~~~~~~

20.7

— 

F~~~
STA 120 REF

37 10 
‘

1

6.7

NOTE: DIMENSIONS
IN INCHES

Figure G-1 . Basic Dimensions .

148

~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~—~ -- -~~~ _T~~T _- _1___ -
~~~~~~~~~~~~~~~~~~~~~~~~~~~

_
~
-

~~~~ ~~ : 
_ _ _



- - --—--- _ -— —- 5.—,—w- __ 
- ~~~~~~~~~~ 

-- -- —‘ WS~~~I -
- -~~~~~~~~

yr_,_- —-—.- —--,--. -- - - --- - -

-

~~~~~~~~~~

—--_- - - ---- --- - --- - ------ - ---1~~~- -

the loading shall be reduced to zero and then th e
de flection measured at lO-percent  load. After
dete rm ining the permanent se t , the s t rut  shall be
loaded to failure or to the maximum load per missible
with the test apparatus .

DYNAMIC TEST: The gear will be dropped to obtain the vertical
impact loads associated with limit and reserve
energy d ropp ing of the YAH-64 gear. The drop
weight and vertical ground reaction are to be
recorded . A time h is tory  recordation of the
stresses and accelerations shall be attained using
the gages and accelerometer listed under “Instru-
mentation. ” High speed photographs are to be taken
of the 32, 000-lb (4. Sg) reserve energy drop. The
following conditions shall be used:

Helicopter Wt. (Ref only) 13, 950 lb

Drop wt. To be
determined

Ground Load Factor (Ref only) 3 and 4 . 5

VerticalGround Reaction Limit 21 , 300 lb
Rese rve  E 32 , 000 lb

Tire Pressure (No load) 105±2 psi g

Platform Ang le Level

Helicopte r Attitude 3-point

REPORT: A simplified final report shall contain:

• Result s of data measurements acquired during —

static and dynamic tests

• Four photographs of each test setup

• Description of all test his tory pertaining to the
capability of the gear , including failures ,
discrepancies , and changes

• A brief comparison with the YAH-64 gear
regarding general capabilities
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WiTNESS : All testing shall be conducted by Menasco and wit-
nessed by HH representatives and, if possible ,
Eustis Directorate personnel.
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Figure G-2 . Static Load Deflection Curve.  
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